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There are urgent needs to develop lithium-ion batteries with high 
energy/power density for applications in hybrid-electric vehicle and electric 
vehicle. The limited energy/power density of current cathode materials 
becomes one of the main obstacles of their widespread adoption as well as the 
cost and safety concerns. In this regard, spinel oxide has attracted particular 
attention because of its high operating voltage with 3-dimensional lithium 
diffusion pathway. Moreover, this manganese-rich material is inexpensive, 
stable and environmentally friendly. However, the application of spinel 
materials in high energy/power devices has so far been hindered since they 
encounters poor rate capability and cycle stability. 
The objective of the present study is therefore focused on developing suitable 
spinel-based cathodes with enhanced cyclability. To achieve this objective, 
morphological modification, surface coating, cation doping and nanodomain 
engineering were introduced to improve the electrochemical performance of 
spinel materials.   
Firstly, LiMn2O4 particles with porous structure and interior channels were 
developed. Porous structure and channels inside increased 
electrode/electrolyte contact area, leading to a superior rate performance. The 
as-prepared LiMn2O4 showed a high specific capacity of 106 mAh g
-1
 and 67 
mAh g
-1
 at 20 C and 50 C, respectively.  
Secondly, surface coating with Mn2O3 phase were introduced and the synergic 
effect of macropores and surface coating on the electrochemical performance 
of LiMn2O4 was further identified. Except a high specific capacity (120 mAh 
g
-1
 at 0.1 C) and a remarkable rate performance (84% and 78.4% of 1 C at 10 
IX 
 
C and 20 C), the prepared LiMn2O4 with appropriate Mn2O3 overlayer showed 
enhanced cycling performance and maintained about 80% of the reversible 
capacity after 500 cycles at 10 C, better than many other cathode materials 
reported.  
Thirdly, in addition to studying the electrochemical performance above 3 V, 
higher energy can be obtained when high-voltage LiMn1.5Ni0.5O4 cycle in a 
wider voltage of 2-4.8 V. However, under such condition, the materials will 
experience a fast capacity loss due to the Jahn-Teller distortion. To address 
this problem, Cr
3+
 ion with larger M-O bonding strength was doped into 
LiMn1.5Ni0.5O4. Cr
3+
 ions stabilized the structure of LiMn1.5Ni0.5O4, resulting 
in an improved cycle performance. LiMn1.35Cr0.3Ni0.35O4 showed a low 
capacity fading rate of 0.37% per cycle and a high discharge capacity of 206.4 
mAh g
-1
 still remained after 50 cycles when charge/discharge at 20 mA g
-1
, 
much better than the pristine LiMn1.5Ni0.5O4. 
Finally, a kind of high energy spinel cathodes stabilized by layered materials - 
xLi2MO3 • (1-x)LiMn1.5Ni0.5O4 (M=Mn, Ti) were investigated cycling in a 
wider voltage of 2-4.8 V. In this case, layered Li2MnO3 and Li2TiO3 
nanodomains were designed to be embedded into the spinel matrix instead of 
element adducts. It was found that the layered Li2MO3 structural unit 
substitution could greatly improve the structural stability of spinel structure, 
leading to much increased reversible capacity and hence energy density. 
Among various compositions, 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 delivers an 
almost constant capacity after a few conditional cycles and possesses a high 
energy density of ~700 Wh kg
-1
, showing great promise for advanced lithium 
ion batteries.  
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Chapter 1. Background, literature review and 
orientation 
This chapter introduces the working principle and recent development of 
lithium ion batteries (LIBs). Special attention is then given to the limitations 
of current LIBs to the high energy and high power applications. To solve this 
problem, an overview of cathode materials is provided, showing the potential 
of spinel materials application in advanced vehicles. Thereafter, the structures 
and characteristics of spinel materials, and the future challenges they may face 
are discussed. A detail literature review presents the recent research progress 
in the improvement of spinel cathodes followed by. The last part of this 
chapter shows the objectives and contents of this research project. 
1.1 Working principle of LIBs 
 
Fig. 1.1 Schematic illustration of lithium ion batteries 
2 
 
LIB stores energy by converting electrical energy into electrochemical energy. 
The basic working principle of LIB is shown in Fig. 1.1. Generally, the LIB is 
composed of cathode, anode, electrolyte and separator in between the cathode 
and anode. Both cathode and anode materials are intercalation materials in the 
present commercial LIB systems and act as the sink for Li
+
 ions while the 
electrolyte and separator provide a separation of ions from electronic transport. 
During charging, Li
+
 ions are extracted from the cathode, move through the 
electrolyte, and then inserted into the anode. At the same time, the electrons 
move from cathode to anode through the outside electronic circuit. During 
discharging, this process is reversed. It can be seen that the electrode materials 
should be both ionically and electronically conducting. In a commercial LIB 
where LiCoO2, graphite, LiPF6 in ethylene carbonate (EC)/dimethyl carbonate 
(DMC)/diethylene carbonate (DEC) and microporous polyethylene membrane 
are used as cathode, anode, electrolyte and separator, the following reactions 
take place during charge-discharge process: 




                         (1.1) 




 ⇌ LixC6                                   (1.2) 
Overall:                        6C + LiCoO2 ⇌ LixC6 + Li1-xCoO2                        (1.3) 
As can be seen, reduction occurs at one side of a LIB and oxidation takes 
place at the other side. Overall, both reactions take place simultaneously and 
the combined reaction is called a Redox reaction.  
In addition, some basic concepts and requirements in LIBs are necessary to be 
discussed for better understanding. 
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1.1.1 Electromotive force 
The electromotive force (EMF) of a LIB, which is also called cell voltage for 
the external current (Ecell), can be identified as the difference in the standard 
electrode potentials of the two half Redox reactions in standard conditions:  
                                                 Ecell (V) =  φcath - φan                                   (1.4) 
where φcath and φan represent the standard electrode potentials of the cathode 
and anode materials (V), respectively.  
In thermodynamics, the decrease in Gibbs free energy (ΔG) equals to the non-
expansion work that can be extracted from a thermodynamically closed system 
in a completely reversible process at a constant temperature and pressure. In 
LIBs, the non-expansion work refers to electrical work: 
                                                           ΔG (J) = -nFEcell                                      (1.5) 
where n stands for the number of moles of electrons transferred in the reaction, 
and F is Faraday constant (96485 C mol
-1
). Thus, 
                                    Ecell = - ΔG/(nF) = |(μcath-μan)/(nF)|                       (1.6) 
where μcath and μan are the chemical potentials of Li ion into the cathode and 
anode materials. From this, the EMF of a LIB is determined by the differential 
chemical potential between the cathode and the anode. 
So far, the Ecell discussed well describes the voltage when a LIB is open circuit. 
In this case, the LIB seems to work in conditions that close to the standard one. 
However, real LIBs usually work under conditions that different from the 
standard conditions. The internal resistance (r) should be considered in the real 
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LIB. During charge with a given current I, the output voltage Vch increases 
from the open–circuit voltage Ecell by an overvoltage (η = Ichr). In contrast, the 
output voltage Vdis on discharge decreases by a polarization (η = Idisr) 
                                                    Vch = Ecell + Ichr                                       (1.7)  
                                                    Vdis = Ecell – Idisr                                      (1.8)  
Therefore, the internal resistance should be as small as possible to reduce the 
polarization and voltage drop during discharge for a real LIB. 
1.1.2 Internal resistance 
Section 1.1.1 reveals the existence of the internal resistance or impedance in a 
real LIB working under a given current I. According to Thévenin's theorem[1-
2], a real LIB can be represented as a voltage source in series with a resistance. 
As discussed, when the LIB discharges, a voltage drop introduced by the 
internal resistance. Besides, high resistance will also cause the LIB to heat up 
under cycling, which may trigger an early shutdown. Therefore, precise 
knowledge of the internal resistance for a LIB is of great importance for the 
design to specific applications. Generally, the lower the resistance, the better 
for the battery to deliver the needed power. This is especially important in 
heavy loads such as power tools and electric powertrains. 
In practice, the internal resistance of a LIB changes along with its size, 
properties of electrodes, temperature, usage duration, and the current. It 
consists of an electronic component and an ionic component. The electronic 
component is mainly caused by the resistivity of the electrode materials while 
the ionic component is associated with electrode surface area, ion mobility, 
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electrolyte conductivity and so on. Research laboratories have been using 
electrochemical impedance spectroscopy (EIS) to evaluate the internal 
resistance of LIBs, in which an alternating current applies on the LIBs, for 
example at a frequency of 100 kHz-10Hz, to estimate the resistance.  
1.1.3 Specific capacity 
The theoretical capacity, Qth, of the electrodes can be calculated according to 
their compositions by Faraday’s law: 
                                         Qth (mA h g
-1
) = ξnF/(3600M)                           (1.9) 
where ξ is the extent of reaction, n is the number of charge transferred, F is the 
Faraday constant, and M is the molecular weight of active material used in the 
electrode. For example, 




                          (1.10) 
in this case, ξ =1, n = 1, F = 96500 C mol-1 and M = 180.821 g mol-1. Finally, 
a theoretical capacity of 148 mAh g
-1
 can be obtained for LiMn2O4. 
However, the practical specific capacity of an electrode in a real LIB is usually 
different from the theoretical one, especially at high current, when the rate of 
ions diffusion across the interface between electrode and electrolyte becomes 
limited. A loss of the Li ions diffused into the electrode will result in a loss of 
capacity. Therefore, the practical capacity of the active material should be 
calculated as follows according to the testing results: 
                                                Q = ∫ 𝐼d𝑡
∆𝑡
0
 = ∫ d𝑞
𝑄
0
                                  (1.11) 
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The constant current mode (CC) is commonly used in the present research. In 
this case, the practical capacity can be obtained by Q = It directly.  
1.1.4 Coulombic efficiency 
The percent Coulombic efficiency of a LIB is defined as follows: 
                                            ηc = Qdis/Qch ⨯ 100%                                    (1.12) 
It presents the ratio between the capacity a LIB provided to the external circuit 
for power supply during discharge and the capacity it restored during charging. 
It is a very important parameter for LIBs to show their energy storage capacity. 
However, the Coulombic efficiency is usually not 100%. The irreversible loss 
of capacity is primarily due to the chemical reactions between electrode and 
electrolyte, electrode volume change, or electrode decomposition (dissolution). 
Among them, the complex electrode-electrolyte chemical reactions lead to the 
irreversible formation of a layer of solid electrolyte interphase (SEI) on the 
electrode during initial charge of a LIB, which is passivating and will reduce 
the reversible capacity. 
1.1.5 Energy density 
The energy capacity is defined as the following relation: 
                           W (Wh) = Q ⨯ V = ∫ 𝐼𝑉(𝑡)d𝑡
∆𝑡
0
 = ∫ 𝑉(𝑞)d𝑞
𝑄
0
              (1.13) 
where t is time and q represents the state of charge. 
Thus, the gravimetric and volumetric energy density can be calculated by 
                             W’ (Wh kg-1) = W/m ; W’ (Wh L-1) = W/V                 (1.14) 
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The relation suggests that enhancement in LIB voltage is an effective way to 
increase the LIB energy. Since the potential of carbonaceous anode, φan (vs. 
Li/Li
+
), is close to 0, the cell voltage, Ecell, is usually governed by the cathode 
potential, φcath. In addition, choosing electrodes with high capacity also results 
in high energy. Thus, designing and developing high voltage and high capacity 
cathode materials have attracted worldwide attention.  
1.1.6 Power density 
Similarly,  
                                            P (W) = W/t = I ⨯ V                                   (1.15) 
The gravimetric and volumetric power density can be obtained as follows 
                                  P’ (W kg-1) = P/m ; P’ (W L-1) = P/V                    (1.16)     
Different from energy density which represents how long a LIB can power a 
load, power density shows how quickly the LIB can deliver energy. To start 
the engine of vehicles, power density matters.                    
1.1.7 Electrolyte requirement 
LIB voltage, Ecell, is not governed by electrolyte. However, the use of 
improper electrolyte may deteriorate LIB performance since the electrolyte 
will experience unwanted reactions at the electrode surface during operation. 
In thermodynamics, the stability of electrolyte requires the potentials of the 
electrolyte redox reactions to be not in the LIB voltage window, as shown in 
Fig. 1.2. μA and μC are the electrochemical potentials of anode and cathode, 
respectively. The window of the electrolyte, Eg, is the energy gap between its 
lowest unoccupied (LUMO) molecular orbital and highest occupied (HOMO) 
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one. As illustrated in Fig. 1.2, an anode whose electrochemical potential μA is 
higher than the LUMO will reduce the electrolyte until a passivating SEI layer 
forms to block electron transportation from the anode to the electrolyte LUMO 
while a cathode whose electrochemical potential μC is lower than the HOMO 
will oxidize the electrolyte until a passivating SEI layer builds a barrier to 
electron transportation from the electrolyte HOMO to the cathode. Thus, 
electrolyte stability requires the electrochemical potentials of anode μA and 
cathode μC locating within the window of the electrolyte in thermodynamics, 
which enforces the open-circuit voltage Ecell of a LIB to 
                                                eEcell = μA - μC ≤ Eg                                 (1.17) 
where e is the magnitude of the electron charge. 
 
Fig. 1.2 Schematic energy diagram of an organic electrolyte without 
electrode/electrolyte reaction. Eg is the window of the electrolyte for 
thermodynamic stability. A μA > LUMO and/or a μC < HOMO requires a 




1.2 Recent development of LIBs 
Energy economy based on fossil fuels is currently at risk due to the depletion 
of non-renewable resources and the emissions of greenhouse gas CO2. With an 
growing energy crisis and global temperature rise issue, the demand for clean 
and sustainable energy sources is becoming more and more critical. To utilize 
clean energy effectively, efficient energy storage systems are fairly essential. 
Among various well-developed energy storage systems, rechargeable LIBs are 
widely used in portable devices (cell phones, laptops, etc.) nowadays due to 
their high efficiency, high energy density and non-pollution properties. 
The earliest rechargeable LIBs which used chalcogenides (TiS2, MoS2) as the 
cathodes with metallic lithium as the anodes were discovered in 1970s.[3] The 
structure of chalcogenides comprises various layers of hexagonal close-packed 
octahedral atomic groups, in which a layer of Ti, Mo atoms located inbetween 
two layers of S atoms. During discharge, Li ions insert into the structure and 
occupy the vacant octahedral sites between the layers. Upon charge, Li ions 
extract from the electrode and a reverse process occurs, maintaining the 
pristine chalcogenide structure. This kind of batteries, however, could only 
provide a low voltage of 2.2 V (Vcell < 2.5 V) and the metallic lithium was 
quickly found to be unsafe as the anode due to dendrite growth on the surface 
of metal after repeated Li plating, leading to internal short circuits. Since 1980 
when LiCoO2 was demonstrated as a cathode material, the commercialization 
of the first generation LIBs by SONY, which combined LiCoO2 with the 
carbonaceous material anodes, achieved a notable milestone. [4] This kind of 
batteries now dominate the portable digital market. Followed by the discovery 
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of LiCoO2, research interest for cathodes has also been put on other layered-
structure LiMO2 (M: Co, Mn, and/or Ni), olivine-structure LiFePO4 and 
spinel-structure LiMn2O4/LiMn1.5Ni0.5O4 materials. For anodes, TiO2, 
Li4Ti5O12, Sn, SnO2, Fe2O3, Si and Sn-Co alloy have been developed. With the 
development of electrode materials, solid electrolyte and advanced high 
performance electrolyte showing high voltage limit have also been 
investigated. Nowadays LIBs are expected to support green transportations 
such as electric vehicles (EVs) and hybrid electric vehicles (HEVs). The 
increase in the demand of these vehicles requires LIBs with high energy 
density, high power density and good cycle performance. However, most of 
current cathode materials cannot fully meet these requirements. Among 
various commercial cathode materials, spinel LiMn2O4/LiMn1.5Ni0.5O4 is a 
promising one. 
1.3 Limitations of high power/energy applications 
Since Mitsubishi and General Motors first introduced EVs and HEVs powered 
by Li-ion batteries in early 2000s, the era of electric vehicles has dawned. 
During the last few decades, energy and environmental challenges have 
further aroused great interest in an electric transportation infrastructure, which 
can replace gasoline engine and reduce pollution.[5] As it is known, 
rechargeable batteries used in EVs include lead-acid, NiCd, nickel metal 
hydride, lithium ion, Li-ion polymer and, less commonly, zinc-air and molten 
salt batteries. Among all types of batteries, LIBs are attractive power source 
devices due to their high energy density, high efficiency and non-pollution, 
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dominating the most recent group of EVs in development as shown in Table 
1-1.[6] 









70-75% 3 years 
Nickel metal hydride 30-80
 
60-70% 160,000+ km 
Molten salt 120
 




Hundreds to a few 
thousand cycles 
 
Unfortunately, the application of EVs and HEVs have not yet found success 
on a commercial scale. For example, the first generation EVs can only run for 
100 km per single charge using pure electric mode, and a full charge usually 
takes about 8-12 hours. Moreover, compared to conventional vehicles, their 
acceleration performance and climbing capacity are very poor.[7] The main 
deficiency is the low power and limited energy density of the applied LIBs, as 
well as their insufficient life.[8-9]  
Power density (W kg
-1
) is defined as operation current density (A kg
-1
) times 
operation voltage (V). 
           POWER DENSITY = CURRENT DENSITY × POTENTIAL      (1.18) 
                     (W kg
-1
)                         (A kg
-1
)                        (V) 
while the amount of energy density (W h kg
-1
) is a function of the capacity (A 
h kg
-1
) and cell voltage (V). 
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                   ENERGY DENSITY = CAPACITY × POTENTIAL           (1.19) 
                              (W h kg
-1
)              (A h kg
-1
)              (V) 
As mentioned, potential Vcell of a LIB is determined by the difference between 
φcath and φan. Since the potential of carbonaceous anode, φan (vs. Li/Li
+
), is 
close to 0. As a result, Vcell may be enhanced only by increasing φcath. Further 
more, capacity of a LIB is limited by the cathodes as well. Thus, to improve 
the power density, both the operation current density and working voltage of 
the cathode materials should be increased. Meanwhile, to get higher energy 
density, either the capacity or working voltage of the cathode materials should 
be improved. Therefore, a cathode material with high working potential, good 
rate capability, high capacity and sufficient life is expected for high 
power/energy devices.  
1.4 Overview of cathode materials 
Table 1-2 Comparison of several commercial cathode materials for LIBs 
Cathode material LiCoO2 LiFePO4 LiMn2O4 
Operating voltage 3.9 V 3.5 V 4.0 V 






Rate capability 2D 1D 3D 
Cost High Low Low 
Safety 
Not stable & 
toxicity 




Developing cathode materials with high energy density and high power 
density is one of the key challenges for LIBs. As discussed, high energy 
density and high power density can be obtained by high voltage and/or high 
capacity. Many kinds of cathode materials have been commercialized so far. 
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In this section, several representative compounds will be studied, such as 
layered LiCoO2, olivine LiFePO4, spinel LiMn2O4 and their derivatives, to 
check their possibility for high energy/high power applications in near future. 
[10] Each of them presents advantages and disadvantages as shown in Table 
1-2. 
Layered-structure LiCoO2 was first discovered in 1980 by Mizushima et al.[4]. 
LIBs using LiCoO2 now dominate more than 90% of the world’s market.[11-
12] It has the α-NaFeO2 layered structure with the oxygens in a cubic close-
packed arrangement, similar to the structures of the dichalcogenides, in which 
O-M-O layers are bonded by Li ion in between them.[13] This structure offers 
2-dimensional (2D) Li ion diffusion pathways. Although Ohzuku et al.[14] 
demonstrated that layered materials might be easy to release internal stress 
accompanied with Li ions extraction and insertion process compared to the 
materials with 1-dimensional (1D) and 3-dimensional (3D) framework 
structures, it has been reported that only 0.5 Li can be reversibly extracted 
from and inserted back into LiCoO2 without dramatic structure transformation, 
showing theoretical capacity of only 130 mAh g
-1
. Further Li deintercalation 
was found to induce a nonuniform volume change from the monoclinic phase 
to a hexagonal phase as well as unsafe oxygen evolution and HF attack from 
electrolyte due to the formation of Co
4+
. [14-17] To improve the structural 
stability and enlarge the reversible capacity of LiCoO2, Al and Mg were 
utilized to partially substitute Co in LiCo1-yMyO2. However, the results were 
unsatisfactory.[18-19] Besides, Co is expensive and toxic. Low reversible 
capacity, high cost and safety problems make it urgent to be replaced by others. 
Based on the template of layered LiCoO2, some other layered-structure 
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cathode materials have also been studied: LiNiO2, LiMnO2, LiMn0.5Ni0.5O2, 
LiNi1/3Mn1/3Co1/3O2. Among them, LiMn0.5Ni0.5O2 and LiNi1/3Mn1/3Co1/3O2 
showed promising electrochemical behaviors and were proposed as possible 
alternatives to LiCoO2.[20-21] LiMn0.5Ni0.5O2 was able to deliver 200 mAh g
-1
 
when charge and discharge between 2.5 and 4.5 V at low current density as 
reported by Makimura and Ohzuku.[22] However, Li/Ni mixing is always 
observed, which will block Li transportation pathway deteriorating the 
electrochemical performance of LiMn0.5Ni0.5O2.[23-24] Yoshio et al.[25] 
revealed that the addition of Co could significantly reduce the transition-metal 
content in the lithium layer of LiMn1-yNiyO2. Ohzuku et al. [20] first proposed 
LiNi1/3Mn1/3Co1/3O2 in 2001. They quickly found this material could exhibit a 
maximum capacity of about 200 mAh g
-1
 between 2.5 and 4.6 V similar to 
LiMn0.5Ni0.5O2 but better rate capability, which can be associated with the 
reduced Li/Ni cation mixing.[26] Thus, LiNi1/3Mn1/3Co1/3O2 become a hot 
research topic in recent years. Most of these studies showed increased capacity 





 like other layered systems at potential higher than 4.6 V,[27-28] 
which may lead to large irreversible capacity. To further improve the 
structural stability of LiMO2, Argonne National Laboratory proposed to 
embed structural stabilizer Li2MnO3 into layered materials.[29] Li2MnO3 has a 
layered rock salt structure (C2/m symmetry). As reported by Thackeray et 
al.[29-30], it closely resembles the ideal layered structures of LiCoO2 and can 
be represented in a conventional layered LiMO2 notation as Li[Li0.33Mn0.67]O2. 
Although Li2MnO3 possesses Li/Mn layers (1:2) rather than pure transition 
metal layers that commonly exist in LiMO2, it shows a similar interlayer 
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spacing of 4.7 Å to LiMO2. The compatibility of the close-packed layers in 
these two compounds allows the integration of Li2MnO3 with LiMO2 at the 
atomic level. As a result, a capacity of > 200 mAh g
-1
 has been achieved for 
xLi2MnO3•(1-x)LiMO2 (M = Mn, Ni, Co) in high voltage 3.0-4.5 V LIBs, in 
which Li2MnO3 acts as a Li reservoir to supply extra lithium ion to adjacent 
lithium-depleted layer in LiMO2, prevent oxygen loss during charge, and 
retain the structural stability. When the electrochemical potential is raised 
above 4.5V during charge, part of Li2MnO3 component was reported to be 
activated by further extraction of Li ion from the Li2MnO3 structure with the 
simultaneous release of O (Li2O). The obtained electrochemically active 
component MnO2 could contribute the final capacity of the product with the 
formation of LiMnO2. However, the coulombic efficiency is relatively low in 
this case since with every two Li ions extracted from Li2MnO3 only one Li ion 
can be inserted back in the following discharge process. Moreover, in most 
cases the problem of high cost and toxicity caused by Co still exists. Extensive 
researches are needed to lower the cost and toxicity of layered materials, and 
to optimize the high capacity materials for future applications. 
Olivine-structured LiFePO4 becomes another hot commercial cathode in 
recent years due to its low cost, high safety and less toxicity. Padhi et al.[31] 
first reported this type of materials in 1997. It shows an orthorhombic lattice 
structure with space group Pnma, in which edge-shared LiO6 octahedra and 
corner-shared FeO6 octahedra packed along the b-axis and linked together by 
the PO4 tetrahedra. With such structure characteristics, Li diffusion in olivine 
LiFePO4 is believed to be 1D along the b-axis. Upon delithiation, one mole of 





 at 3.5 V. Since the oxygen atoms are bonded strongly by Fe and P atoms, 
the structure of LiFePO4 is much more stable than layered oxides at both high 
temperature calcination and high potential during charging.[32-34] Such high 
structural stability for LiFePO4 leads to good cycle performance and safety 














) [36] 1D lithium pathway is another reason for the poor conductivities 
of LiFePO4. Many researches have been made to improve the rate capability 
of LiFePO4.[37-38] Carbon coating was considered to be an effective way to 
enhance the electronic conductivity of olivine materials by Dominko et al.[37] 
and Roberts et al.[38]. On the other hand, high Li
+
 mobility along the [010] or 
b axis has been found by extensive studies.[39-41] Decreasing particles’ size 
[42] or only b axis[43] has been investigated and improved electrochemical 
performance achieved. However, the processing cost for LiFePO4 with carbon 
coating or small particle size is generally high. Besides, relatively low 
operation voltage for LiFePO4 (3.5 V) limits its wide application in high 
energy and high power systems. In this case, other olivine structure materials 
LiMPO4 (M = Mn, Co, Ni) have been considered, whose working potentials 
are increased to 4.1 V for LiMnPO4, 4.8 V for LiCoPO4 and 5.1 V for 
LiNiPO4.[44-49] All these materials were born in the same work as LiFePO4 
by Padhi et al. in 1997.[31] LiMnPO4 is the most promising candidate due to 
its abundant precursors, high theoretical capacity (170 mAh g
-1
), moderately 
high working voltage (4.1 V) and environmental friendliness. Delacourt et 
al.[50] revealed that the poor ionic and electronic conductivities limited the 
electrochemical reaction of LiMnPO4 and there was a difference of about five 
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orders of magnitude between the conductivities of LiFePO4 and LiMnPO4. 
Similar to LiFePO4, carbon coating and diminishing the particles’ size have 
been utilized to improve the conductivities of LiMnPO4. The results, however, 
remain controversial. The carbon-containing LiMnPO4 prepared by Li et al. 
[51] through a solid-state reaction delivered 140 mAh g
-1
 at 0.28 mA cm
-2
. 
Delacourt et al.[52] obtained ~100 nm particles of LiMnPO4 by a direct 
precipitation route, which showed only a low capacity of 70 mAh g
-1
 at 0.05 C. 
Kwon et al.[53] synthesized LiMnPO4/C with particle size of about 130 nm 
using a sol-gel method followed by ballmilling, which delivered 134 mAh g
-1
 
at 0.1 C. All the results suggest that it is difficult to approach the theoretical 
capacity of LiMnPO4. Extensive researches are still needed for this material to 
get the optimized electrochemical performance. Besides, LiCoPO4 and 
LiNiPO4 also suffer from poor conductivities leading to low capacity. 
Moreover, their working voltages, especially that of LiNiPO4, are too high for 
current electrolyte. Therefore, enhancing the rate capability of LiMnPO4 is an 
important task for application of olivine structure materials in advanced 
vehicles.    
By comparison, spinel material LiMn2O4 has attracted many attention because 
of its advantages of abundant precursor (12th most abundant element on 
earth), low cost (five times cheaper than Co), non-toxicity, high operation 
voltage (4.0 V) and good rate performance (3D framework). Thackeray et al. 
[54] first proposed LiMn2O4 in 1984. It was reported to have a face-centered 
cubic spinel structure A[B]2X4 with space group of Fd-3m, where cation Li 
occupies the tetragonal site and cation Mn occupies half of the octahedral site. 
The left half empty octahedral site surrounds the tetragonal site where Li stays 
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and provides a 3D channels for Li diffusion during Li ions extraction and 
insertion reactions, leading to good rate capability.[55-58] Mn in LiMn2O4 has 




. The latter is Jahn-Teller active and easy to 
dissolve into the electrolyte.[59-60] As reported, when the average oxidation 
valence of Mn remains higher than 3.5, Jahn-Teller effect could be effectively 
eliminated.[61-62] Therefore, LiMn2O4 is usually studied between 3.0 and 4.0 
V, showing a theoretical capacity of 148 mAh g
-1
 and an energy density (> 
500 Wh kg
-1
) comparable to that of LiCoO2.[63-64] In addition to LiMn2O4, 
high voltage spinels LiMn2-xMxO4 with Mn in LiMn2O4 substituted by other 







studied for high energy systems as well. Among them, LiMn1.5Ni0.5O4 is the 
most successful and attractive candidate, whose working voltage is as high as 
4.7 V but still barely within the limit of conventional organic electrolyte. 
Besides, good cycle stability could be achieved in this case since the oxidation 




 when cycled above 3 V. 
Oh et al.[6] reported that the origin of the high voltage plateau in the 
LiMn1.5Ni0.5O4 oxide is attributed to the difference (~0.5 eV) in binding 
energy of the top valence band between nickel Ni
2+
 3d eg(↑↓) and manganese 
Mn
3+
 3d eg(↑) level. The impressively high voltage makes its energy density 
(650 Wh kg
-1
) 20% and 30% higher than that of conventional LiCoO2 and 
LiFePO4 materials, respectively, making it potential to be deployed in HEVs 
and PHEVs.[76]  
Based on the advantages mentioned above, the present study mainly focus on 
spinel-based cathode materials. 
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1.5 Characteristics of spinel-structured cathode materials 
 
Fig. 1.3 A part of the cubic LiMn2O4 spinel structure (space group: Fd-3m) 
As reported, LiMn2O4 crystallized in the cubic spinel structure with space 
group Fd-3m, Z = 8. Fig. 1.3 shows the spinel structure, which consists of a 
cubic closed-packed array of oxygen atoms (32e positions) with lithium atoms 
located at 8a tetrahedral sites and manganese atoms at the 16d octahedral sites 
in the oxygen framework. The MnO6 octahedra share edges to form a three-
dimensional host for the Li guest ions.[77-78] Typically, lithium ions can be 
extracted from LiMn2O4 to form the λ-MnO2 phase, resulting in a theoretical 
reversible capacity of approximately 148 mAh g
-1
. Lithium-ion insertion into 
λ-MnO2 causes the cell to expand isotropically up to the composition LiMn2O4, 
maintaining cubic structure (Eq. 1.20). Further lithium-ion insertion is known 
to result in the creation of high-spin Mn
3+
 ions with accompanying Jahn-Teller 
distortion, a transition from cubic to tetragonal point symmetry at the Mn
3+
 
ions, although doubled capacity (294 mAh g
-1
) can be achieved in this case. 
The detail of Jahn-Teller distortion will be discussed later. Tetragonal 
Li2Mn2O4 structure is obtained in the end as following:[79] 




 ⇌ LiMn+4Mn+3O4 (cubic)                    (1.20) 
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O4 (tetragonal)               (1.21) 
In terms of LiMn1.5Ni0.5O4, it can be in two different crystal structures of 




 ions in the lattice.[80-81] The atoms 
arrangement of LiMn1.5Ni0.5O4 in the face-centered cubic spinel structure with 
Fd-3m space group is very like pure spinel LiMn2O4, which is also known as 
disordered spinel. In this case, the Ni and Mn atoms are randomly distributed 
in the 16d sites as shown in Fig. 1.3. In contrast, in the primitive simple cubic 
spinel structure with P4332 space group (ordered spinel), the Ni, Mn, and Li 
atoms are respectively occupied in the 4b, 12d, and 8c sites and O ions are 
occupied in the 8c and 24e sites with highly cation ordering (Fig. 1.4). Lithium 
extraction from and insertion into the structure of LiMn1.5Ni0.5O4 are similar to 
that of pristine LiMn2O4, shown as following: 










O4 (cubic)             (1.22) 












O4 (tetragonal)   (1.23) 
 
Fig. 1.4 Crystal structure of LiMn1.5Ni0.5O4 spinel with space group P4332 
Although the two structures both have the 3D lithium diffusion channels, they 
are a little different from each other. For LiMn2O4 and disordered 
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LiMn1.5Ni0.5O4 (Fd-3m), Li diffuses by moving from an 8a site to the 
neighboring empty octahedral 16c site, and then to the next 8a site, while in 
ordered LiMn1.5Ni0.5O4 (P4332), the octahedral vacant 16c sites are split into 
ordered 4a and 12d sites and thus, Li diffuses by partially moving to 4a and 
the rest to 12d sites. Xia et al.[82] found the disorder spinel LiMn1.5Ni0.5O4 
displays a high Li diffusivity throughout the full composition range and is 
comparable to that of layered LiCoO2. Meanwhile, Liu and his co-workers[83] 
pointed out that ordering of the Ni and Mn retards the lithium diffusivity and 
lowers the rate capability. In summary, the disorder spinel oxide is expected to 
exhibit better rate capability than order spinel oxide. 
As described in Section 1.4, spinel LiMn2O4 and its derivative LiMn1.5Ni0.5O4  
have many advantages. Despite their easy preparation, abundance, low cost, 
and non-toxicity, spinel LiMn2O4 and LiMn1.5Ni0.5O4 show intrinsically fast 
Li
+
 diffusion within the 3D structure and high working voltage, which are very 
useful in high power/energy vehicles. Nowadays, however, the application of 
spinel materials is still limited. As we know, three major disadvantages plague 
spinel cathodes for industrial application. 
(i) poor rate capability 
To improve the charge/discharge speed of the batteries, which is essential for 
the power supply in EV/HEVs, it is necessary to improve the rate performance 
of the electrode materials. The rate performance of the electrode materials are 
strongly related with their dynamic properties including the intrinsic electronic 
and ionic conductivities, and lithium diffusion. According to previous reports, 
pristine spinel materials have low electronic and ionic conductivities, as well 
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as slow diffusion of lithium ions at the electrode/electrolyte interface.[84] For 











 accordingly.[78, 85] The low 
electric conductivity of LiMn2O4 can limit the current flow between particles 
while the low lithium-ion diffusion coefficient can limit the Li ions extraction/ 
insertion at the electrode/electrolyte interface. As a result, it is necessary to 
improve the rate capability of spinel materials, making them competitive for 
high power lithium ion batteries used as power supply in EV/HEVs. 
(ii) Mn
3+
 ions dissolution 
In spite of poor rate capability, fast capacity loss of LiMn2O4/LiMn1.5Ni0.5O4 
cells is another major reason for its limited application. Many evidences point 
out that solubility of the spinel electrode in the electrolyte at the top of charge 
is one of the reasons for the capacity fade in spinel cells. [86-91] Accordingly, 
the solubility of charged electrodes has been attributed to a disproportionation 
reaction at the particle surface:[86] 
                                 2Mn
3+
(solid)
 → Mn4+(solid) + Mn
2+
(solution)                     (1.24) 
The formation of the Mn
3+
 ions at the top of charge is mainly associated with 
oxygen loss from the spinel lattice caused by the reaction with electrolyte.[92] 
Moreover, Mn
3+
 ions exist all the way along cycling of LiMn2O4 and below 3 
V in LiMn1.5Ni0.5O4. In both cases, Mn
3+
 ions may dissolve into the electrolyte, 
leading to poor structural stability. 
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On the other hand, since the dominant lithium salt for lithium-ion batteries is 
LiPF6, which is sensitive to a trace amount of moisture, LiPF6 will react with 
traces of water to produce acids (HF) according to the following reaction 
                                LiPF6 + H2O → 2HF + LiF + POF3                         (1.25) 
As can be seen, with the presence of moisture, LiPF6 is ready decomposed to 
form an HF-containing acidic environment, which significantly accelerates the 
dissolution of manganese ions.[93-94]  
Therefore, it is important to avoid spinel materials reacting with electrolyte  
and keep the electrolyte away from moisture in future application. 
(iii) Jahn-Teller distortion  
Jahn-Teller distortion which occurs in spinel material during cycling is another 
important reason for its capacity fade.[95] Jahn-Teller effect is a phase 
transformation process for spinel system from cubic crystal structure to 




Fig. 1.5 The tetragonal Li2Mn2O4 structure (space group: I41/amd) 
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Taking LiMn2O4 as an example, as can be seen from Eq. 1.21, tetragonal 
Li2Mn2O4 is obtained after lithium ions insertion into LiMn2O4. Fig. 1.5 
illustrates the detail atomic configuration in Li2Mn2O4 unit cell which has a 
tetragonal structure with a I41/amd space group. In detail, the 4a, 8c, 8d and 
16h positions in the tetragonal structure are corresponding to the 8a, 16c, 16d 
and 32e positions in the cubic spinel structure with aT ≈ aC/√2 and cT ≈ aC. As 
can be seen, there is 16% anisotropy in the lattice parameters on formation of 
the tetragonal phase unlike cycling at the voltage range as Eq. 1.20 shown 
where the cubic structure expands and contracts isotropically during lithium 
insertion and extraction.[56, 96-97] The anisotropic volume change along with 
the cubic-tetragonal phase transition results in a loss of capacity on repeated 
cycling.[91] Although Jahn-Teller distortion usually occurs when the spinel 
electrode is discharged below 3 V,  the formation of Li2Mn2O4 is also found at 
the spinel electrode surface at the end of discharge of 3 V, particular under 
high rate.[86, 91, 95, 98] The existence of Li2Mn2O4 at the surface is due to 
kinetic limitations during fast intercalation. Under dynamic, some crystallites 
can be more lithiated than others, thereby driving the composition of the 
electrode surface into a Mn
3+
-rich region. High Mn
3+
 concentration reduces 
the symmetry of the structure from cubic to tetragonal with concomitant 
structural stress and fracture domains, which results in capacity fade. The 
Mn
3+
-rich regions are subject to dissolution and the resulting phase boundary 
separation between cubic and tetragonal regions can all contribute to a rapid 
capacity fading.[99] As a result, the effect of Jahn-Teller distortion should be 
taken into consideration and eliminated no matter what potential window the 
spinel LiMn2O4 cell works.  
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Similarly, this cubic to tetragonal phase transition also occurs in its derivative 
LiMn1.5Ni0.5O4 according to Eq. 1.23 and seems more complicated. For 
example, Wagemaker et al.[100] investigated the electrochemical behavior in 
the 3 V region through the combination of the X-ray and neutron diffraction 
analysis and found the extensive migration of Ni and Mn during cycling, 
resulting in the disappearance of the initial Ni-Mn ordering and the formation 
of Ni-rich and Ni-poor domains, resulting in two Jahn-Teller distorted 
tetragonal phases with different Ni:Mn ratios (T1 and T2 phases). Anyway, 
Lee et al.[9] revealed that a large volume change accompanied with cubic to 
tetragonal transitions both in ordered and disordered LiMn1.5Ni0.5O4 systems. 
Therefore, Jahn-Teller effect is a potential negative characteristic of battery 
cathodes and deserves careful investigation. 
1.6 Previous works on spinel-structure cathode materials 
Improvement in the rate capability and cyclability of LiMn2O4/LiMn1.5Ni0.5O4 
spinel is important for their application in high power/energy vehicles. In this 
section, most of strategies, such as nanosizing, surface coating and doping, to 
solve these two problems are discussed and many previous studies on spinel 
cathodes are reviewed and summarized in Table 1-3. 
(1) Nanosizing 
In terms of better rate capability, tuning the morphology or texture of spinel 
electrode has been considered as an effective way. Recent emphasis has been 
placed on nanosized materials which show enhanced rate capability because of 
a shorter Li
+
 diffusion length and a high surface to volume ratio for charge 
transfer.[101] In addition, nanosized particles could better accommodate the 
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strain of lithium insertion/deinsertion upon cycling. As a result, nanobelts 
[102], nanotubes[103-105], nanorods[106], nanowires[107-108], nanoparticles 
[109-113] have been widely studied. However, this kind of spinel materials 
also encounters some undesirable problems. Firstly, the slow dissolution of 
Mn into the liquid electrolyte according to Section 1.5 occurs accompany with 
the high surface area, leading to poor cycling life. Secondly, nanostructured 
materials usually show low volumetric energy density due to inferior packing 
of particles. Lastly, the synthesis processes to obtain nanomaterials are very 
complex. To solve these problems, developments in secondary microsized 
particle cathodes have taken place in our present study. By retaining large 
particles, there is less dissolution and high volumetric density is obtained. 
(2) Surface coating 
Despite rate performance, poor cycling life is another problem considered in 
the present study. As discussed in Section 1.5, Mn
3+
 ions at spinel surface tend 
to react with the electrolyte especially for nanosized materials, resulting in 
slow degradation of electrode materials, consequently, battery performance. 
Coating the particles with a stabilizing overlayer can help to slow down the 
rate of this side reaction. The coating layer not only isolates the spinel 
materials from the electrolyte as a physical protection barrier, but also 
decreases the acidity of electrolyte as an HF scavenger and impedes the 
manganese dissolution from spinel materials. The coating materials 
investigated to date include Li2O•2B2O3 glass[114-115], MgO[116], Al2O3 
[117-118], CeO2[119], SnO2[120], SiO2[121], LiCoO2[122-126], 
ZrO2/Li2ZrO3[127], ZnO[128-131], [Li, La]TiO3[132], Li4Ti5O12[133], 
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ZnMn2O4[59], FePO4[134], acetylene black[135], gold[136-137], silver[138-
140], polypyrrole[105]. The common feature for the above materials is that 
metals in these materials have only one stable valence state at ambient 
conditions, and access to another valence state is difficult. According to 
previous reports, spinels with various surface coatings have showed improved 
cycle stability as designed. However, the shortcoming of these materials is that 
they generally need two-step synthesis and some undesirable elements may be 
introduced during heating. In general, excess coating of such materials to 
achieve better protection is costly and complex. To solve these problems, 
inactive manganese oxide overlayer has been designed by a one-step synthesis 
with maximum use of the raw materials. 
(3) Doping 
Since both the Mn dissolution and Jahn-Teller distortion are attributed to the 
high spin Mn
3+











 adducts. Thus, doping is another strategy to 
improve the cycling life of spinel. 
















[175-176] have been suggested because they have stronger 
M-O bonding in the [MO6] octahedron. The stronger bonds of Ni-O, Cr-O and 
Co-O have been examined by Li et al.[151]. They evaluated the binding 
energy of MO2 (Mn, Ni, Cr and Co) and demonstrated that the binding 
energies of NiO2, CrO2 and CoO2 are 1029, 1142, 1067 kJ mol
-1
, respectively, 
much higher than that of MnO2. Due to the highest binding energy of Cr-O, 
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dual substitution for Ni and Mn in LiMn1.5Ni0.5O4 with Cr has been developed. 
The elimination of the Mn
3+
 ions has been observed in the Cr-substituted 
spinel with a suppression of the 4 V plateau, leading to improved cycle 













) do not exhibit Jahn-
Teller effects since there is no degeneracy in their t2g or eg orbitals. For Jahn-
Teller distortion to occur, however, there must be ground state degeneracy, 




).[178-179] This phenomenon will further do 
good to enhance the electrochemical performance of LiMn1.5Ni0.5O4. Hence, 




















[197] have also been studied to reduce the 
amount of Mn
3+
 and most of them can increase the ionic and electronic 
conductivity of spinel materials. Although such adducts result in improved 
structural stability of spinel, the initial discharge capacity of the resultant 
material is lower than that of the parent compound. The decrease of the first 
cycle discharge capacity is mainly caused by the fact that the dopants do not 









[202] have been introduced to increase the initial discharge 





, Br: 324.6 kJ mol
-1
, O: 141 kJ mol
-1
) results in stronger Mn-F, 
Mn-Cl and Mn-Br bonds than that of Mn-O, which may also stabilize the 











 increases, leading to higher first discharge capacity but also poor 
cyclic performance in real. Therefore, cation and anion codopings have been 
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supposed to an alternate way of improving the spinels’ electrochemical 
performance, such as Al-S[203-204], Cr-F[205], Co-F[206], Al-F[207]. So far, 
all the work above have achieved some considerable results in better 
cyclability for spinel. However, most of them are only confined to the 
electrochemical performance of spinel at 4 V region. As discussed, double 
capacity (294 mAh g
-1
) can be obtained when spinel cathode cycle in a wider 
potential window of 2-5 V. Thus, it is necessary to continue studying the 
effects of ‘dopants’ on the electrochemical performance of spinel below 3 V. 
Table 1-3 Summary of the current research state of spinel 
Target Strategy Current research state 
















Better capacity retention Surface coating Li2O•2B2O3 glass, MgO, Al2O3, 
CeO2, SnO2, SiO2, LiCoO2, 
ZrO2/Li2ZrO3, ZnO, [Li, 
La]TiO3, Li4Ti5O12, ZnMn2O4, 






2+, Cr3+, Co3+, Ti4+, Al3+, 
B
3+, Nd3+, Zn2+, Cu2+/3+, Fe3+, 
Mg
2+, Ca2+, Ga3+, Y3+, Sr2+, 
cation-anion codoping (Al-S, Cr-
F, Co-F, Al-F) 
1.7 Research objectives and contents 
Based on the above review, limitations of the current research of spinel-based 
cathode materials are summarized below: 
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(1) Nanosized materials have significantly improved the rate capability. 
Moreover, smaller particles can better accommodate unit cell volume changes 
accompanied with Jahn-Teller distortion. However, low volumetric energy 
density, unexpected reaction, complex synthesis processes hinder their further 
application. 
(2) Surface coating has improved the cyclic stability of spinel electrode. 
But the synthesis processes are usually very complex and some unexpected 
elements may be introduced during coating. 
(3) In terms of doping, most of the previous work only focus on their effect 
on improvement in their cyclability above 3 V. 
(4) Limited work have studied the electrochemical performance of spinel 
with doubled capacity (294 mAh g
-1
) at wider potential window (2-5 V). 
Thus, the main aim of this study is to develop several spinel-based materials 
with high reversible capacity, good rate performance and cyclability using 
facile and cost-effective methods for high power/energy LIBs. The specific 
objectives of this research are to: 
(1) study the rate performance of micro-sized materials which are much 
more suitable for practical application than nanometric spinel. 
(2) develop facile and cost-effective synthesis processes to obtain high-
performance spinel for industrial application. 
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(3) investigate the mechanism behind the improvement of their rate 
capability and cycle stability with the complementary effects of morphological 
modification, surface coating, doping and nanodomain engineering. 
The results of this present study may have positive impact on understanding 
the mechanism behind and provide guidelines for spinel production in 
industrial application in the near future. 
It is understood that many ions and nano structural units can be incorporated 
into spinel. Due to time constraints, it is not possible to investigate all of them. 
Thus, this study is only focused on selected coating phase (Mn2O3), cation ion 
(Cr
3+
) and nano structural units (Li2MnO3, Li2TiO3), which are representative. 
It can be summarized that enhanced energy and power densities of LIBs with 
excellent cycle performance are presented here. The complementary effects of 
morphological modification, surface coating, doping and nanodomain 
engineering on the electrochemical performance of LIBs are discussed in 
Chapter 3 to Chapter 6. 
Chapter 3 describes the electrochemical performance of monodispersed micro 
–sized macroporous spinel prepared through a simple precipitation method. 
This micro-sized LiMn2O4 exhibits superior high rate capability and excellent 
cyclability compared to most previous published work. The porous structure 
not only increase the contact area between electrode and electrolyte, leading to 
facile Li
+
 transportation, but also buffer the strain from Jahn-Teller distortion, 
resulting in good cyclic performance. The results point out the significance of 
macropores for micro-materials to obtain excellent rate capability. 
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Chapter 4 presents the synergistic effect of macropores, nanogains and surface 
coating on the electrochemical performance of LiMn2O4. Similar to Chapter 3, 
macropores as well as nanograins are introduced to improve the rate capability 
of micro LiMn2O4 sample. At the same time, surface coating with Mn2O3 
phase is introduced to enhance its cycle stability. 
Except studying on the electrochemical performance above 3 V, Chapter 5 
describes that higher energy density can be obtained when high-voltage spinel 
LiMn1.5Ni0.5O4 cycle in a wider voltage of 2-4.8 V. However, the materials 
undergo a fast capacity loss due to the Jahn-Teller distortion. To address this 
problem, Cr
3+





 in LiMn1.5Ni0.5O4 and the effect of Cr
3+
 doping on the structure 
stabilization is discussed. 
In Chapter 6, a kind of high energy spinel cathodes stabilized by layered 
materials - xLi2MO3 • (1-x)LiMn1.5Ni0.5O4 (M = Mn, Ti) composites cycling in 
a wider voltage of 2-4.8 V is investigated. Layered Li2MO3 nanodomains are 
designed to be embedded into the spinel matrix instead of element adducts. 
And It have been confirmed that the nanodomains can greatly improve the 
structural stability of spinel material, leading to excellent cycle performance 
with largely extended capacity in the potential window of 2-4.8 V. 
To well understand the above results, in the following chapter, the selection of 
proper morphological modification method, surface coating material, dopant 
and nano structural units is first discussed. The synthesis methods and 
techniques for characterizations of the as-synthesized active materials are 
described in detail.  
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Chapter 2. Materials design and methodology 
2.1 Material design  
2.1.1 Original spinel cathode 
Although spinel oxide possesses 3D lithium ion diffusion pathway good for 
facile lithium ion intercalation and deintercalation during cycling process, the 
rate performance of practical spinel cathode with micro particle size is still 
unsatisfactory. On the other hand, spinel electrodes can only deliver a limited 
capacity of 148 mAh g
-1
 above 3 V, lower than those of other layered LiMO2 
and olivine LiFePO4 cathodes. Doubled capacity of spinel oxide has recently 
been achieved by inserting one more mole of lithium into spinel structure 
below 3 V. However, this reaction induces a large Jahn-Teller distortion, 
which changes the crystal symmetry from cubic to tetragonal. Continuous 
cycling from cubic to tetragonal symmetry, and back, with a concomitant 
volume expansion and contraction of the crystal lattice, results in a capacity 
loss, making the low-voltage cycling region unattractive from a practical point 
of view.  
2.1.2 Strategies to modify spinel cathode 
The main purpose of this research is to improve the electrochemical properties 
of the spinel-based oxides by morphological modification, surface coating, 
cation doping and nanodomain engineering. To achieve the objective, the 
investigation is designed into two stages. In stage one, the objective is to 
enhance performance such as rate capability and cyclability of LiMn2O4, 
where micro-sized spinel LiMn2O4 particles with large porous structure were 
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first of all prepared. The purpose for creation of porous structure is to increase 
the contact area between electrode and electrolyte so that rate capability can be 
enhanced. To further improve its cycle performance, surface coating was used, 
and hence the synergetic effect of porous structure and Mn2O3 phase overlayer 
on the LiMn2O4 microparticles is introduced. In stage two, the objective is to 
enhance energy density by increasing voltage potential such as using high 
voltage spinel LiMn1.5Ni0.5O4 and extending capability of more lithium ions 
insertion into the spinel framework through Cr doping, and compositing 
LiMn1.5Ni0.5O4 and Li2MnO3. In the latter case, spinel and layered 
nanodomains are mutually interlocked together. The spinel structure is 
expected to be stable without phase transformation even below 3 V. Similarly 
effects of Li2TiO3 on stability of LiMn1.5Ni0.5O4 are also studied.  
2.2 Synthesis routes 
To produce porous-structured LiMn2O4, the material was synthesized via two 
steps, namely synthesis of MnO2 precursors and calcination the mixture of 
MnO2 and LiOH at a high temperature. The MnO2 precursors were prepared 
by two methods. In the first method, the precursor was prepared by a 
precipitation method using NH4HCO3 to adjust the pH of solution and get the 
precipitates of MnCO3. After that, MnCO3 was thermally decomposed to form 
MnO2 powder at 400 ℃. The detailed process is given in Chapter 3. In the 
second method, MnO2 microcubes were prepared by a low temperature 
hydrothermal treatment. Urea used was hydrolysed to form NH3 and CO2 
during treatment, efficient to increase the pressure in the Teflon-lined 
autoclave, decompose the Mn(NO3)2·4H2O and obtain MnCO3. Then MnO2 
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powder was also obtained by annealing at 400 ℃ in air. The detailed process is 
given in Chapter 4.  
MnO2 precursors obtained from two methods were respectively mixed with 
LiOH in distilled water under continuous stirring and the dried mixture was 
heated at 700 ℃ to obtain the final product. Appropriate Mn2O3 phase in the 
second work was achieved by adjusting the ratio between MnO2 and LiOH 
before mixing. 
Cr-doped spinel LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) was 
synthesized by a polymer assisted mechanical activation method. In a typical 
process, stoichiometrical LiOOCCH3 · 2H2O, Mn(OOCCH3)2 · 4H2O, 
Ni(OOCCH3)2· 4H2O and Cr2O3 were first mixed with oxalic acid and 
grounded in a planetary Restach ball mill to obtain a homogeneous mixture. 
Then polyethylene glycol 400 (PEG400) was added and again grinded. Finally, 
the mixture was treated in a furnace to obtain the final products. The oxalic 
acid and PEG400 used in this work was considered to inhibit sintering of 
particles. Detailed process will be discussed in Chapter 5. 
xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1) 
composites were prepared via co-precipitation method followed by calcination. 
In a typical synthesis, stoichiometric amounts of NiSO4•6H2O and 
MnSO4•H2O were first dissolved in distilled water and then added dropwise 
into a mixed aqueous solution of Na2CO3 and NH4HCO3 with continuous 
stirring. Na2CO3 and NH4HCO3 were used to adjust the solution pH and obtain 
the precipitates of carbonate precursors. This method helps to get the uniform 
particle size and composition of precursor. Thereafter, the obtained carbonate 
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powders were mixed with required amounts of lithium carbonate and the 
mixtures were treated in furnace to obtain the final products. Detailed process 
is given in Chapter 6.  
For xLi2TiO3 • (1-x)LiMn1.5Ni0.5O4 system, (Mn0.75Ni0.25)CO3 was prepared in 
the same manner as described above for preparation of the xLi2MnO3 • (1-





 sources, mixed with the precursor (Mn0.75Ni0.25)CO3 and calcined at high 
temperatures. Detailed process is given in Chapter 6. 
2.3 Characterizations 
2.3.1 Crystal structure identification 
Powder X-ray diffraction (Shimadzu XRD-6000 Cu-K𝛼 radiation) is used to 
characterize the crystal structures of the as-synthesized materials. The scan 
speed of the X-ray beam was set to be 2° min-1 in most cases. For the ex-situ 
XRD analysis, coin cells were disassembled in an Ar-filled glovebox just after 
the intended state of discharge was reached. The cathode materials were gently 
washed with dimethyl carbonate (DMC) and dried at room temperature for 
characterization. A low scan speed of 0.1° min-1 was used. 
2.3.2 Particle morphology observation 
Morphology and microstructure of different samples were investigated by a 
field emission scanning electron microscopy (FESEM: S-4300 Hitachi, 15 kV) 
and high resolution transmission electron microscopes (TEM: Jeol 2200FS or 
FEI Tecnai G2 F20), respectively. 
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2.3.3 Thermogravimetry analysis 
Thermogravimetry analysis (TGA) of different samples was performed in air 
from room temperature to target temperatures using a Shimadzu DTG-60H 
differential scanning calorimeter. 
2.3.4 Energy-dispersive X-ray spectroscopy  
Energy-dispersive X-ray (EDX) is an analytical technique used predominantly 
for the elemental analysis of a sample. EDX analyses were performed with the 
FESEM (S-4300 Hitachi, 15kV) that was equipped with an EDX detector. 
2.3.5 Characterization of electrochemical properties 
   2.3.5.1 Assembly of batteries 
Slurry of electrode was prepared by mixing 80 wt% active material, 10 wt% 
Super P conducting carbon, and 10 wt% polyvinyl-llidene fluoride (PVDF) 
binder with n-methyl-2-pyrrolidone (NMP) for overnight. Then, the prepared-
slurry was casted onto aluminum foils with diameters controlled in the range 
of 8-9 mm. The final loading density of cathode material is ~ 3 mg cm
-2
. The 
electrodes were then dried in a vacuum oven at 120 ℃ for at least 12 h. Coin 
cells were assembled in an Ar-filled glovebox with lithium metal as the anode, 
1M LiPF6 in ethylene carbonate (EC) / diethyl carbonate (DEC) (1:1 v/v) as 
the electrolyte, and Celgard 2500 as the separator. 
   2.3.5.2 Charge/discharge testing 
Galvanic charge and discharge tests were carried out using Neware and LAND 
Battery Test Stations. The constant-current mode was used to test the 
electrochemical properties and in all the cases, the set current densities for 
charge and discharge are same. The cut-off voltage of charge and discharge 
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were set to be 4.35 V and 3.3 V for LiMn2O4 in Chapter 3 and Chapter 4 while 
the cut-off voltage were 4.8 V and 2.0 V for LiMn1.5Ni0.5O4-based composite 
materials in the following Chapters.  
   2.3.5.3 Electrochemical impedance spectroscopy test 
Electrochemical impedance spectroscopy (EIS) was done using the 1260 + 
1287 workstation. The EIS measurements were performed at a frequency 
range from 100 kHz to 0.01 Hz with an AC voltage amplitude of 5 mV at 
room temperature. 
   2.3.5.4 Cyclic voltammetry 
Cyclic voltammetry (CV) measurements were performed on the coin cells by 
using a Solartron 1260+1287 workstation. Data were collected at a scan rate of 
v = 0.1, 0.2, 0.5, 1 and 2 mV s
-1
, respectively, over the potential range of 3.3-
4.5 V for LiMn2O4 in Chapter 3 and Chapter 4. 
   2.3.5.5 dQ/dV plots 
Plots of dQ/dV vs. Voltage were obtained based on charge/discharge profiles. 
The function of these plots is almost the same as CV testing but it is non-
destructive. The peaks in these plots represent the redox reactions occurred at 





Chapter 3. LiMn2O4 with large pores and radial 
interior channels: morphology and rate performance 
Porous spinel-structured LiMn2O4 microparticles have been prepared by a 
facile template-free synthesis process. Morphological characterization shows 
that the porous particles with size of about 4 μm are composed of small 
primary particles of about 200 nm with many tiny channels inside the 
microparticles. Electrochemical measurements reveal that the porous LiMn2O4 
cathode has a high specific capacity and superior high rate performance. It 
exhibits a reversible discharge capacity of  about 132.9 mAh g
-1
 at a low 
charge/discharge rate of 0.1 C.  When tested at high rates of 20 C and 50 C, 
the discharge capacities still remain at 106 and 67 mAh g
-1
, respectively. 
Furthermore, the porous LiMn2O4 possesses excellent cyclability. All the 
results suggest this porous LiMn2O4 to be highly promising for wide 
application in high power lithium ion batteries. 
3.1 Introduction 
The aim of this work is to improve the conductivity of micro-sized LiMn2O4 
and its rate capability by morphological modification. Although nanometric 
frame can shorten the Li ions diffusion distances and enlarge the electrode/ 
electrolyte interface, some unavoidable problems for nano-sized LiMn2O4 
materials need to be addressed before their practical applications such as low 
tap density, unstable and complex fabrication. All these shortcomings hinder 
their practical application. Considering tap density, micro-sized electrode 
material is still highly suggested. Therefore, porous LiMn2O4 microparticles 
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which might provide a balance between the high tap density and good rate 
capability is extremely desirable. To date, limited porous micro-sized 
LiMn2O4 materials have been reported[208-210], in which a few have 
achieved high rate capability up to 20 C charge but low capacity using porous 
micro-sized LiMn2O4 electrode. Wu et al.[208] reported that the capacity of 
hollow porous LiMn2O4 microcubes dropped to 68 mAh g
-1
 just when charged 
up to 5 C. Xi et al.[209] showed that porous LiMn2O4 spheres only delivered 
93.7 and 76 mAh g
-1
 when tested at 10 C and 20 C rates. Chen et al.[210] 
found the initial discharge capacity of the LiMn2O4 hollow microsphere is 
61.5 mAh g
-1
 tested at a rate of 20 C. Therefore, it is highly desirable to find a 
kind of micro-sized porous LiMn2O4 with enhanced performance.  
In the present study, porous LiMn2O4 microparticles are synthesized via a 
facile precipitation method followed by a high temperature calcination aiming 
at formation of micro-porous structure caused by releasing gases in the 
precipitation particles and formation of through channels in the particle caused 
by transformation shrinkage from an amorphous structure to a crystalline 
during annealing. Significant porous structure and hence high rate capability 
are expected from the design of this unique structure. 
3.2 Experimental 
3.2.1 Material preparation 
To produce porous-structured LiMn2O4, two-step of material processing was 
designed, namely precipitation of precursors that exhibit species which can be 
evaporated at relatively low temperature, followed by calcination at a high-
temperature to release gases so that to create channels and porous structure. 
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For the precipitation process, 1 mmol of MnSO4•H2O and 10 mmol of 
NH4HCO3 were separately dissolved in 140mL and 70 mL of distilled water. 
14 mL of ethanol and the NH4HCO3 solution were then added to the 
MnSO4•H2O solution in sequence under stirring. Precipitates of MnCO3 
powder were collected using a centrifuge, then washed with deionized water 
for three times and dried at 80 ℃ overnight. In the second process, the as-
synthesized precursor was thermally decomposed to form MnO2 powder at 
400 ℃ for 5 h. To obtain LiMn2O4,  5.1 mmol of MnO2 and 2.68 mmol of 
LiOH were dispersed in 4 mL of distilled water. The water was evaporated 
slowly at 80 ℃ with continuous stirring. The obtained mixture was then heated 
at 700 ℃ for 10 h in an air oven. Besides, LiMn2O4 with electrochemical 
grade was purchased from a chemical supplier (CS LiMn2O4) and utilized as 
received for comparison. The particle size of the CS LiMn2O4 is around 3-4 
μm comparable with that of the prepared porous LiMn2O4 (Fig. 3.1). 
 




3.2.2 Material characterizations 
Particles’ morphology observation, crystal structure identification and thermal 
property investigation have been described in Sections 2.3.2, 2.3.1 and 2.3.3, 
respectively. 
3.2.3 Electrochemical tests 
LIB assembly process, charge-discharge measurement and rate performance 
test have been shown in Sections 2.3.5.1 and 2.3.5.2, respectively. To measure 
electronic and ionic conductivities, EIS and CV measurements were 
performed, as shown in Sections 2.3.5.3 and 2.3.5.4. 
3.3 Results and discussion 
3.3.1 Particle morphology 
The morphological micrographs of the precursor MnCO3, MnO2 and the as-
prepared LiMn2O4 are shown in Fig. 3.2. Almost cubic-shaped amorphous 
MnCO3 precursor with micro-sized particles shows faceted-structure stacked 
from layered MnO2 with thickness of about 100 nm (Fig. 3.2a and Fig. 3.2b). 
The cubic-shaped geometry of the MnCO3 precursor retained in MnO2 (Fig. 
3.2c and Fig. 3.2d) but completely disappeared after calcination at 700℃ by 
formation of the porous LiMn2O4 structure that consists of nanometer particles 
and pores ranging from 300-500 nm (Fig. 3.2e and Fig. 3.2f). Moreover, a 
SEM image of the cross section of a single LiMn2O4 particle (the inset of Fig. 
3.2f) further demonstrates that the architecture of the as-prepared LiMn2O4 is 
built up with the outer porous structure and the interior radial channel structure. 
It is understood that precipitation of 2D-layered MnCO3 is controlled by 
interfacial energy due to much larger surface energy along the thickness than 
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that of large surfaces. During calcination at 700 ℃ the layer-packed MnO2 
crystallized forming close-packed nanoparticles and at the same time the 
transformation from an amorphous structure to a crystalline caused crystal 
shrinkage.[211] As a result, through channels and macropores formed, both of 
which will be beneficial for electrolyte penetration. In addition, microparticles 
are more stable and suitable for practical application than nanoparticles. 
 
Fig. 3.2 SEM micrographs of the as-prepared MnCO3 (a-b), MnO2 (c-d) and 
LiMn2O4 powders (e-f) 
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3.3.2 Thermogravimetry analysis 
 
Fig. 3.3 TGA curves of the precursor MnO2, LiOH and MnO2-LiOH mixture 
Fig. 3.3 reveals TGA plots of precursor MnO2, LiOH and MnO2-LiOH 
mixture. The weight of MnO2 gradually decreases from room temperature to 
500 ℃ as shown in the inset. The decrease in weight may be attributed to 
dehydration of the powder. When the temperature increases to around 540 ℃, 
the weight decreases sharply. This weight loss can be attributed to thermal 
decomposition of MnO2 accompanied by oxygen evolution as reported by 
Terayama[212]: 
4MnO2 = 2Mn2O3 + O2                                                                         (3.1)      
Similarly, the weight loss between 450 ℃ and 550℃ for LiOH arises from the 
decomposition of LiOH to produce H2O as reported by Pinkerton[213]: 
2LiOH = Li2O + H2O                                                                           (3.2) 
For MnO2 and LiOH mixture, the case becomes a little different. The weight 
decreases gradually from room temperature to 700℃.  
Zhou et al.[214] reported that the lithiation process for Mn2O3 involves: 
4LiOH + 4Mn2O3 + O2 = 4LiMn2O4 + 2H2O                                     (3.3) 
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The weight loss of MnO2 and LiOH mixture is very likely due to synergetic 
effect of all the above reactions:  
4LiOH + 8MnO2 = 4LiMn2O4 + 2H2O + O2                                      (3.4) 
Large weight loss still can be found for this mixture with the release of water 
and oxygen, which may be the reason for the formation of pores and cavity.  
3.3.3 Structural analysis 
 
Fig. 3.4 (a) XRD spectra of the precursor MnO2, porous LiMn2O4 and CS 
LiMn2O4 and (b) the schematic diagram of crystal structure transformation 
from MnO2 to LiMn2O4 
The XRD spectra of the precursor MnO2, as-prepared LiMn2O4 and CS 
LiMn2O4 are shown in Fig. 3.4a. The precursor can be indexed as β-MnO2 
with P42/mnm space group[215] while as-prepared and CS LiMn2O4 are 
highly crystalline in spinel structure with Fd-3m space group.  
Crystal structure transformation from MnO2 to cubic LiMn2O4 is displayed in 
Fig. 3.4b. In tetragonal MnO2, Mn
4+
 ions are located in Wyckoff site 2a at (0, 
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0, 0; 0.5, 0.5, 0.5), and O
2-
 ions in 4f at (0.303, 0.303, 0; 0.803, 0.197, 0.5). 
[216] To obtain LiMn2O4, lithium ions go into the square channels of the 
MnO2. Accompanied with the lithiation process, as David et al.[217] reported, 
half of Mn ions will cooperatively move to a nearest empty cation site and the 
Mn-O distances will be readjusted to form the cubic close anion packing in 
LiMn2O4. These adjustments introduce crystal shrinkage, which may be 
another reason to explain the porous structure appearance as shown in Fig. 3.2. 
Meanwhile, gas releasing as previously discussed can contribute to the 
macropores formation as well. As a result, the formation of porous structure 
could be concluded as shown in Fig. 3.5, powder particles were self-assembled 
into the microstructures that has the lowest Gibbs energy. 
 
Fig. 3.5 Schematic illustration of the macropores and radial channels 
formation in LiMn2O4 
In addition, through Fig. 3.4, it is found that as-prepared LiMn2O4 was phase 
pure whereas some trace impurity of  Mn2O3 was observed in CS LiMn2O4. 
Fig. 3.6a shows a TEM image of the cross-section of a single as-prepared 
LiMn2O4 particle (Fig. 3.6d) obtained by focused ion beam (FIB) cutting. 
Selected from two different locations of the same particle from Fig. 3.6a, the 
HRTEM images were taken as shown in Fig. 3.6b and Fig. 3.6c. The lattice 
fringes with a distance of 0.47 nm is perfectly consistent with the d spacing of 
the (111) planes in XRD (Fig. 3.4a). The corresponding SAED patterns reveal 
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its single crystalline nature. TEM results at different parts prove that the 
sample contain the same spinel structure from core to shell. Combining with 
the XRD result, it can be inferred that the as-prepared LiMn2O4 shows high 
phase purity. Such high crystallinity will not only improve the homogeneity of 
Li-ion environment, but also lower the energy barrier for Li
+
 insertion, leading 
to facile Li
+
 ion diffusion.[218] 
 
Fig. 3.6 (a) A TEM bright field image of the cross section of one selected as-
prepared LiMn2O4 particle obtained by a focused ion beam and (b) and (c) 
HRTEM images enlarged from the two different labelled area in panel (a) with 
inset of selected area electron diffraction (SAED) image demonstrating its 
single crystalline nature (d) SEM image of the selected LiMn2O4 particle. 
3.3.4 Conductivities measurement 
To gain insight into the electrochemical performance, a series of CV plots of 
the porous LiMn2O4 electrode measured at five different scan rates are 
presented in Fig. 3.7a. When the scan rate is relatively low, two pairs of well-
defined reduction and oxidation peaks can be readily observed, which agrees 
with the two-step Li-ion de-intercalation/intercalation from/into LiMn2O4 
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[219-220]: LiMn2O4/Li0.5Mn2O4 and Li0.5Mn2O4/λ-MnO2. In the typical de-
intercalation process, lithium ions are firstly extracted from half of the 8a 
tetrahedral sites, where Li ions have nearest neighbour Li-Li interactions, and 
then the remaining lithium ions are extracted from the other 8a tetrahedral 
sites, where Li-Li interactions do not occur. As the scan rate increases, the 
separation between paired redox peaks increases gradually because of the 
electrode polarization but small.[221] Two pairs of complete redox peaks can 
still be seen even when the scan rate is up to 2 mV s
-1
. Moreover, the 
neighbouring reduction or oxidation peaks are well-separated and no 
overlapping there.  
 
Fig. 3.7 (a) The CV plots of the porous LiMn2O4 electrode between 3.3 and 
4.5 V at five different scan rates and (b) its Nyquist plot 
Fig. 3.7b displays a Nyquist plot of the porous LiMn2O4 electrode with an 
inset of the equivalent circuit. As usual, the Nyquist plot consists of two 
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semicircles in the high-to-medium frequency range and a quasi-straight line at 
low frequency.[222-223] The semicircle at high-frequency originates from Li
+
 
migration through the SEI layer covered on the spinel (Ro). The semicircle in 
middle frequency corresponds to charge transfer reaction on the interface 
between the active material and the electrolyte, namely charge transfer 
resistance (Rf). The inclined line is contributed from the solid-state Li
+
 
diffusion in the active material, the so-called Warburg impedance (Zw). The 
kinetic parameter Ro/Rf can be estimated from data fitting by using the 
equivalent circuit. It can be seen that porous LiMn2O4 exhibits very small Li
+
 
migration impedance at SEI layer and low charge transfer resistance on the 
electrolyte/electrode interface, which could be ascribed to the large surface 
area of the porous LiMn2O4. 
 
Fig. 3.8 Variations of peak current (Ip) as a function of square root of scan rate 
(v
1/2
), four plots inside corresponding to the four peaks in Fig. 3.7a. 
Based on shift of redox peaks in Fig. 3.7a, Li transportation is evaluated (Fig. 
3.8). The peak current of the CV curve shows a square root dependence on the 
scan rate, indicating that lithium diffusion within electrode is a more important 







) can be calculated according to the classical Randles-
Sevchik equation[224-225]: 
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where Ip is the peak current for each corresponding peak (A), z the electron 
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+
 in LiMn2O4 (mol cm
-3
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-1
). Through Eq. (3.5), the effective diffusion coefficients D of Li
+
 
in the porous LiMn2O4 sample can be obtained from the slop of Ip vs. v
1/2
 plot 







, larger than many previously reported work.[226-229] The large 
D and small Rf might be indicative of the faster Li-ion de-intercalation/ 
intercalation kinetics and reduced polarization for the porous LiMn2O4, which 
agrees well with the morphological analysis and would result in good 
electrochemical performance. Besides, it is worth noting that the lithium 
diffusion coefficients corresponding to peak A and D are a little higher than 
that of peak B and C, indicating that lithium ions extraction/insertion step at 
lower plateau should be easier. 
Table 3-1 The effective Li
+
 ions diffusion coefficients of porous LiMn2O4 
De-intercalation 































3.3.5 Charge/discharge performance at 0.1 C 
 
Fig. 3.9 Galvanostatic (0.1 C) first charge/discharge curves of the porous 
LiMn2O4 electrode and potentiostatic differential capacity vs. voltage (dQ/dV) 
of porous LiMn2O4. 
The successful synthesis of porous LiMn2O4 and its high conductivities 
motivated us to investigate its electrode performance. The potential curve of 
LixMn2O4 at 0.1 C is reported in Fig. 3.9. Two main extraction steps appear 
located at 4.011 and 4.13 V, involving respectively the extraction of 0.53 and 
0.44 lithium ion from 8a tetrahedral sites of the oxide whereas two insertion 
steps at 4.121 and 3.992 V correspond to the insertion of 0.39 and 0.51 lithium 
ion back to tetrahedral sites. The reversibility of these two extraction/insertion 
steps is consistent with the CV analysis (Fig. 3.7a). Besides, it is important to 
note that the potential drop between the corresponding charge and discharge 
process (ΔV) of porous LiMn2O4 is only 9 mV for high plateau and 19 mV for 
low plateau at the rate of 0.1 C, further indicating the fast kinetics of the 
porous product. 
The electrochemical performance of the porous LiMn2O4 has been compared 
with that of the CS LiMn2O4. Fig. 3.10 shows the first cycle of 
charge/discharge curves for the porous as well as the CS LiMn2O4 samples. 
The electrodes were tested between 3.3 and 4.35 V at 0.1 C. Both of them 
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distinctly show two characteristic potential plateaus. The initial discharge 
capacity of porous LiMn2O4 sample is 132.9 mAh g
-1
, very close to its 
theoretical value and much higher than that of the CS LiMn2O4 (79.5 mAh g
-1
) 
although polarization for both materials shows identical. Moreover, porous 
LiMn2O4 exhibits a higher coulombic efficiency of the first cycle of about 93% 
while the coulombic efficiency of CS LiMn2O4 is only 65.4%. 
 
Fig. 3.10 The first charge/discharge curves of the porous and CS LiMn2O4. 
3.3.6 Rate performance 
Rate capabilities of the two different LiMn2O4 electrodes are shown in Fig. 
3.11a. With the increasing current density, both electrodes deliver gradually 
decreased discharge capacities caused by the increased polarization of the 
electrodes.[230] For the CS LiMn2O4 electrode, the cells show poor rate 
capability, with only 21.3 mAh g
-1
 at 20 C rate. In contrast, the porous 
LiMn2O4 exhibited excellent rate capability and was able to deliver a 
discharge capacity of about 100 mAh g
-1
 and 67 mAh g
-1
 at 20 C and 50 C, 
respectively, indicating that the porous LiMn2O4 can provide rapid Li ion 
transportation channels for rapid charge and discharge. Fig. 3.11b shows that 
near 81% of the capacity at 1 C can be reserved when the current increases to 
20 C, owing to the little polarization, small electrochemical resistance and 
53 
 
large lithium diffusion coefficient of the porous LiMn2O4 obtained from the 
CV and impedance results. Fig. 3.11c and Fig. 3.11d display the charge-
discharge curves of the CS and porous LiMn2O4 at various current densities. 
For the CS LiMn2O4, the two plateaus located at about 4.1 and 3.9 V (vs. 
Li/Li
+
), corresponding to the de-insertion/insertion of Li
+
 from/into LiMn2O4, 
can be observed when it is charged/discharged at 1 C, 2 C and 5 C. But when 
the current increases to 10 C, only a slope profile can be seen. This can be 
explained by the big increase of polarization at high current densities. In 
contrast, the porous LiMn2O4 electrode displays two well-separated plateaus 
even when charged to 20 C. With respect to other LiMn2O4 spinels reported 
recently, rate capability of this porous LiMn2O4 is outstanding, which shows 
higher capacity retention than that of most reported works with much more 
facile and cost-effective method. 
 
Fig. 3.11 (a) The discharge capacities of the porous and CS LiMn2O4 at 
various current densities, (b) capacity retention of the porous and CS LiMn2O4, 
charge-discharge curves of (c) the CS and (d) porous LiMn2O4 electrodes. 
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3.3.7 Cycle and structural stability 
 
Fig. 3.12 Cyclability for the porous LiMn2O4 at 20 C (black lines); coulombic 
efficiency (red line) with an insert showing no evidence of capacity fading 
after 2000 cycles 
To further investigate cycle performance at high rate, the porous LiMn2O4 
electrode was tested at 20 C for a long-term cycle as shown in Fig. 3.12. As 
can be seen, the porous LiMn2O4 exhibits a high discharge capacity of 100-
110 mAh g
-1
 in the first 60 cycles, which means that it can be charged to more 
than 72% State of charge (SOC) within only 3 minutes. After 200 cycles, 88% 
of the initial capacity is maintained.  Moreover, as shown in the inset of Fig. 
3.12, 33% of the initial capacity still can be preserved when the cell is further 
cycled to 2000 cycles whereas most of works reported much shorter cycle 
number for LiMn2O4 in organic electrolyte. The 33% capacity retention is not 
caused by fading of spinel structure rather than segregation/removing of Li in 
the surface region at so high charge rate. This conclusion was confirmed when 
the cell was charged/discharged at 0.1 C again after 2000 cycles at 20 C. The 
insert of Fig. 3.12 clearly shows restoring of capacity of 110 mAh g
-1
. The 





Fig. 3.13 XRD spectra of porous LiMn2O4 before cycling and after 2000cycles 
To study the structural stability of the LiMn2O4 electrode, ex-situ XRD 
measurement was taken of the electrode in the discharged state after 2000 
cycles as shown in Fig. 3.13. No structural changes could be observed and the 
LiMn2O4 electrode maintained an almost perfect cubic spinel structure even 
after 2000 cycles, indicating no Jahn-Teller distortion occurs there. All the 
results above reveal that except for its superior rate capability, the prepared 
porous LiMn2O4 is very stable during cycling at high-rate current. 
3.3.8 Energy and power density 
 




A Ragone plot (Fig. 3.14) is constructed based on active materials from Fig. 
3.11a. The data clearly indicate that the energy density of the porous LiMn2O4 
changes a little with the increase of its power density. The porous LiMn2O4 
exhibits an energy of 388 Wh kg
-1
 while delivering power of 10000 W kg
-1
, 
comparable with that of various capacitors. Such high performance of the 
porous LiMn2O4 makes it a promising candidate for practical application. 
3.4 Conclusions 
In summary, porous LiMn2O4 material showing high phase purity has been 
successfully prepared via a facile precipitation method followed by calcination 
process. The prepared LiMn2O4 presents many pores in the range of 200-400 
nm and radial channels inside each particle, both of which are confirmed by 
SEM and TEM. When it is applied as a cathode material for lithium ion 
batteries, it delivers a high specific discharge capacity of 132.9 mAh g
-1
 at 0.1 
C charge/discharge and a remarkable rate capability (106 mAh g
-1
 and 67 mAh 
g
-1
 at 20 C and 50 C charge/discharge, respectively, 81% and 55% of 1 C 
charge /discharge). Furthermore, the porous LiMn2O4 can deliver a high power 
of 10000 W kg
-1
 with an high energy of 388 Wh kg
-1
. It also exhibits good 
cycle performance and excellent structural stability under high-rate current, 
where spinel structure could be well-preserved after long cycling. The superior 
electrochemical performance could be ascribed to the high phase purity, 
macropores, primary nanoparticles, as well as the through channels. Taking 
the facile synthesis method and excellent electrochemical behaviour into 
consideration, this porous LiMn2O4 material could be attractive for high 
energy/power lithium-ion batteries in future.  
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Chapter 4. LiMn2O4 microcubes with enhanced 
rate capability and excellent cycle stability for lithium 
ion batteries: synergistic effect of morphology and 
surface coating 
Monodispersed porous LiMn2O4 microcubes assembled with closely-packed 
nanograins and coated with Mn2O3 have been prepared through a solid state 
reaction between LiOH and MnO2 microcubes, the latter obtained via 
hydrothermal treatment. Scanning electron microscopy and transmission 
electron microscopy are utilized for microstructure investigation and 
nanograins, macropores and Mn2O3 surface overlayer are clearly observed. 
Cyclic voltammography and galvanostatic charge-discharge technique are 
employed to study the electrochemical performance of LiMn2O4. The results 
show that the LiMn2O4 microcubes have superior high rate capability, 
delivering an initial discharge capacity of 120 mAh g
-1
 at 0.1 C and 94 mAh g
-
1
 even at a high rate of 20 C. Moreover, the cycling performance of the 
cathode is also outstanding. 80% of initial discharge capacity can be preserved 
when cycled at 10 C for 500 cycles. The improved performance suggests that 
the prepared LiMn2O4 microcubes are highly promising for high power 
lithium batteries. 
4.1 Introduction 
As discussed in Chapter 3, micro-sized LiMn2O4 particles with porous 
structure showed enhanced rate capability.  Although large pores in LiMn2O4 
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can buffer the volume change accompanied by Jahn-Teller distortion, surface 
side reaction caused by the enlarged electrode/electrolyte interface through the 
introduction of pores into LiMn2O4 in this case still needs to be considered. To 
overcome the problem of capacity decay associated with side reaction, surface 
coating has been realized as an effective way.[231-234] The coating layer 
prevents the cathode materials from reacting with the electrolyte and 
contributes to improved cycle stability during charge/discharge process.[8] 
However, it is generally acknowledged that synthetic process for surface 
coating is usually very complex. Therefore, developing a facile and cost-
effective method to obtain porous LiMn2O4 microparticles with protective 
surface coating is of great importance. 
 
Fig. 4.1 Schematic illustration of the macropores formation in LiMn2O4. 
In this study, to realize macroporous structure, a template-free processing is 
designed as schematically shown in Fig. 4.1, in which LiMn2O4 microcubes 
with macropores are synthesized via a solid state reaction between LiOH and 
MnO2 microcubes, the latter obtained from a hydrothermal process. The 
prepared LiMn2O4 coated with Mn2O3 phase, at least partially, can be 
achieved by optimizing the amount of LiOH in mixture before calcination, 
with maximum use of the raw materials. Gases releasing from the precursor 
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particles and transformation shrinkage from an amorphous structure to a 
crystalline during annealing are the crucial steps for the formation of 
macroporous structure. Electrochemical performance of the macroporous 
LiMn2O4 microcubes based on this design is expected to have a significant 
improvement.  
4.2 Experimental 
4.2.1 Material preparations 
MnO2 microcubes were prepared by a low temperature hydrothermal 
treatment combined with a high temperature annealing in air. In brief, 10 
mmol Mn(NO3)2·4H2O and 50 mmol urea were firstly dissolved into 40 mL 
distilled water. Secondly, the mixture was sealed in a stainless Teflon-lined 
autoclave and treated at 100 ℃ for 16 h. After hydrothermal treatment, 
MnCO3 powder was obtained and then MnO2 was obtained by annealing at 
400 ℃ for 4 h in air with a heating rate of 2 ℃ min-1. To obtain porous 
LiMn2O4 microcubes, 2.55 mmol of MnO2 and 1.33 mmol of LiOH (5% wt% 
excess) were firstly dispersed in 2 mL distilled water. Then the solvent was 
evaporated slowly by heating at 80 ℃ with continuous stirring. After drying, 
the mixture was manually ground for 10 minutes and heated at 700 ℃ for 10 h 
to obtain the final product (Fig. 4.1). Similarly, the electrochemical 
performance of LiMn2O4 microcubes was compared with that of CS LiMn2O4 
as in Chapter 3. Moreover, 2% and 10% excess LiOH were also utilized to 
prepare LiMn2O4 microcubes and the effect of Mn2O3 content on the 
electrochemical behaviour of LiMn2O4 was studied. 
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4.2.2 Material characterizations 
Particles’ morphology observation and crystal structure identification have 
been described in Sections 2.3.2 and 2.3.1, respectively. 
4.2.3 Electrochemical tests 
LIB assembly process, charge-discharge measurement and rate performance 
test have been shown in Sections 2.3.5.1 and 2.3.5.2, respectively. To measure 
ionic conductivities, CV measurements were performed, as shown in Sections 
2.3.5.4. 
4.3 Results and discussion 
4.3.1 Particle morphology 
 
Fig. 4.2 SEM images of the (a-b) MnO2 precursor and (c-d) as-prepared 
LiMn2O4 samples 
The particle morphologies of the MnO2 precursor and as-prepared LiMn2O4 
are shown in Fig. 4.2. As can be seen, LiMn2O4 particles retain the geometry 
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and size of their precursor MnO2 in this case, with both having a dispersed 
cubic morphology and a side length of 5-10 μm, indicating that the thermal 
lithiation process can change the phase from tetragonal MnO2 to cubic spinel 
LiMn2O4 without noticeably change in the cubic morphology geometry. 
However, it is worth noting that the LiMn2O4 microcubes are composed of 
many densely compacted octahedral nanoparticles with a diameter of 400 nm. 
The much rougher surface is different from the smooth surface of MnO2, with 
clear macropores at the surface of LiMn2O4. 
 
Fig. 4.3 A higher magnification SEM image of the as-prepared LiMn2O4 
In addition, a high magnification SEM was employed to further study the 
detailed morphological characteristics of LiMn2O4. Through close observation 
from the SEM image in Fig. 4.3, the diameter of the pores is about 200-400 
nm. The formation of macroporous structure is partially caused by releasing 
gases from the precursor according to the synthesis process (Fig. 4.1). During 
pre-heating, MnCO3 with smooth surface is dissociated to MnO2 and CO2 gas 
is released accompanied by growth of MnO2.[212, 235] After that, MnO2 is 




Combining all the results from SEM and TEM, it can be summarized that the 
prepared LiMn2O4 powder is composed of monodispersed porous cubic 
particles assembled with octahedral nanograins, whose structure may have 
some advantages. Firstly, the packing density of micro-sized samples is higher 
than that of nano-sized samples. Consequently, use of LiMn2O4 microcubes 
will result in higher tap density and hence volumetric energy density. 
Secondly, the nano particles may shorten the distance of Li+ diffusion and 
buffer volume expansion leading to excellent structural stability during 
charge/discharge.[236] Finally, macropores can significantly increase the 
interface between electrolyte and electrode and provide a facile Li+ moving 
route. 
4.3.2 Structural analysis 
 
Fig. 4.4 XRD spectra of the precursor MnO2, LiMn2O4 microcubes and CS 
LiMn2O4 samples 
XRD spectra of the precursor MnO2, as-prepared LiMn2O4 and CS LiMn2O4 
are shown in Fig. 4.4. The precursor can be indexed as β-MnO2 with a space 
group of P42/mnm[215] while the LiMn2O4 obtained from this precursor by a 
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solid-state lithiation process is well crystalline in spinel structure with a space 
group of Fd-3m.  
Crystal structure transformation from MnO2 to cubic LiMn2O4 has already 
been discussed in Fig. 3.4b. In tetragonal MnO2, Mn
4+
 ions are located in 
Wyckoff site 2a at (0, 0, 0; 0.5, 0.5, 0.5), and O
2-
 ions in 4f at (0.303, 0.303, 0; 
0.803, 0.197, 0.5).[216] To obtain LiMn2O4, lithium ions go into the square 
channels of the MnO2. Accompanied with the lithiation process, as David et 
al.[217] reported, half of Mn ions will cooperatively move to a nearest empty 
cation site and the Mn-O distances will be readjusted to form the cubic close 
anion packing in LiMn2O4. These adjustments can be made by a shear motion 
along 100 or 010 direction of MnO2 crystal. Since the MnO2 has cubic 
morphology with smooth surface, its exposed surface should be {100}. The 
shear motion occurred during lithiation process may be another reason to 
explain the surface morphological change and macropores appearance as 
shown in Fig. 4.3. Since the whole transformation might just experience a 
minimal reorganization of structure[103], the cubic morphology was still 
retained after the high temperature lithiation process in this case. Meanwhile, 
gas releasing as previously discussed can contribute to the macropores 
formation as well. As a result, the formation of macropores could be 
concluded as shown in Fig. 4.1.  
Except LiMn2O4, impurity phase Mn2O3 often appears during the production 
of LiMn2O4 as confirmed by the XRD pattern of CS LiMn2O4. The present 
LiMn2O4 microcubes show high purity since the peak intensity of Mn2O3 
phase in XRD pattern is very small. The Mn2O3 phase is mainly observed at 
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the surface of LiMn2O4 using HRTEM (Fig. 4.5). Lee et al.[237] have reported 
that Mn2O3-coated LiMn2O4 cathode exhibited excellent cycle-life as well as 
good rate capability since the Mn2O3 overlayer not only prevents the LiMn2O4 
below from directly reacting with the electrolyte for manganese dissolution 
but also provides efficient lithium diffusion pathway between LiMn2O4 and 
the electrolyte. Through adjusting the mass ratio between LiOH and MnO2, 
the effect of Mn2O3 content on the electrochemical performance of LiMn2O4 
has been studied and will be discussed later. First of all, a 5 wt% excess LiOH 
sample was investigated as an example. 
 
Fig. 4.5 TEM identification of the LiMn2O4 sample coating with Mn2O3: (a) a 
conventional TEM bright field image of the LiMn2O4 particles, red circle has 
been extensively imaged as shown in panel (b). (b) HRTEM image enlarged 
from the labelled area in panel (a) with inset of fast Fourier transform (FFT) 
image showing surface regions of the particle composed of cubic Mn2O3, inset 
is FFT image, which could be indexed as [01-1] zone axis of BCC Mn2O3 
phase (Panel (c)) and confirmed with inverse fast Fourier transform (IFFT) 
image (Panel (c)), where two lattice fringes of plane (200) and (111) are given 
as d-spacings of 0.50 and 0.58 nm, respectively. (c) IFFT image providing 
lattice fringes for BCC Mn2O3 phase, i.e. planes (111) and (200) of BCC phase 
in Panel (d). 
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4.3.3 Conductivities measurement 
 
Fig. 4.6 (a) CVs of the microcubic LiMn2O4 electrode at different scan rates 
between 3.3 and 4.5 V and (b) variations of peak current (Ip) as a function of 
square root of scan rate (v
1/2
), four plots inside corresponding to the four peaks 
in (a) 
Table 4-1 The effective Li
+
 ions diffusion coefficients for LiMn2O4 
microcubes 
De-intercalation 





























The electrochemical intercalation/deintercalation behaviors of the as-prepared 
LiMn2O4 microcubes were investigated by CV tests using various scan rates as 
displayed in Fig. 4.6a. When the scan rate is relatively slow, two couples of 
reversible redox peaks can be easily observed, attributed with the two-step 
insertion/extraction of Li
+
 ions into/from the LiMn2O4: one is at 3.94/4.05 V, 
the other is at 4.08/4.17 V.[219] As the scan speed increases, the separation 
between the in-pair redox peaks becomes larger because of the gradually 
increasing polarization of the electrode. However, the adjacent reduction or 
oxidation peaks are still well-separated and complete redox peaks still retain 
even when the scan speed is 2 mV s
-1
, showing reduced polarization than ever. 
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Moreover, the sharp and high-symmetrical redox peaks suggest that LiMn2O4 
microcubes have high crystallinity and good reversibility of lithium diffusion 
in bulk of the particle and over its electrode/electrolyte interface.[103] 
In addition, Li+ ions diffusion coefficients were calculated by converting CV 
curves to Fig. 4.6b. The liner dependence of peak currents on the square root 
of the scan rates can be found. According to previous report, this behavior 
indicates the intercalation processes of Li+ ion is diffusion-controlled. As a 
result, the Li+ diffusion coefficients can be obtained by using the classical 
Randles-Sevchik equation 3.5 as discussed in Chapter 3. All the effective 
diffusion coefficients obtained are listed in Table 4-1. The high Li+ ion 
diffusion coefficients during both intercalation and deintercalation processes 
suggest that the LiMn2O4 microcubes may have a good electrochemical 
performance because of the facilitate Li+ transfer and reduced polarization as 
discussed above. 
4.3.4 Charge/discharge performance at 0.1 C 
 





The first cycle charge-discharge curves of the cubic and CS LiMn2O4 
electrodes tested at 0.1 C are displayed in Fig. 4.7. Two couples of plateaus 
due to the two-step insertion/extraction of Li
+
 into/from the structure of 
LiMn2O4 can be clearly observed in both the cubic LiMn2O4 and the CS 
LiMn2O4. This behavior agrees well with the results in the CVs. The cubic 
LiMn2O4 delivers an initial discharge capacity of 120 mAh g
-1
, much higher 
than that of the CS LiMn2O4 (79.5 mAh g
-1
). 
3.3.5 Rate performance 
 
Fig. 4.8 (a) Discharge capacities of the cubic and CS LiMn2O4 at various 
current densities, (b) discharge capacity retention of the cubic and CS 
LiMn2O4 electrodes, and (c) discharge curves of CS LiMn2O4 and (d) 
LiMn2O4 cubes under different currents. 
The discharge capacities of the cubic and CS LiMn2O4 electrodes at current 
densities ranging from 0.1 to 20 C are shown in Fig. 4.8a, where the LiMn2O4 
microcubes reveal obviously much lower fading rate than that of the CS 
LiMn2O4. Fig. 4.8b shows 84% and 78.4% of the initial discharge capacity for 
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LiMn2O4 microcubes can be retained with the increase of current from 0.1 C 
to 10 C and 20 C, several times higher than that of the CS LiMn2O4 electrode 
(44% at 10 C; 27% at 20 C). Fig. 4.8c and Fig. 4.8d show the discharge 
profiles of the CS LiMn2O4 and cubic LiMn2O4 at different currents, 
respectively. As discussed, two plateaus can be clearly observed in both 
samples at 0.1 C. As the current density increases, for CS LiMn2O4, the 
separation between these two plateau curves becomes blurred. When the 
current density increases to 10 C, only a slop can be seen. These phenomena 
can be explained by the polarization increase at high current. In contrast, 
LiMn2O4 microcubes show two well separated plateaus even when charged up 
to 20 C, indicating its good reversibility during Li
+
 ions intercalation/de-
intercalation process, consistent with CV results. The high capacity retention 
and excellent discharge behavior of the LiMn2O4 microcubes at high current 
density are likely attributed to the large Li
+
 ions diffusion coefficients and 
reduced polarization obtained from the CV results. 
4.3.6 Cycle and structural stability 
 
Fig. 4.9 Change of specific capacity (black line) at constant specific power 
(red line) of LiMn2O4 microcubes and 10 C rate, where more than 80% 
specific capacity can be retained after 500 cycles. 
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The cubic LiMn2O4 electrode is cycled at 10 C for 500 cycles and its cycle 
behavior is shown in Fig. 4.9. The cubic LiMn2O4 delivers a high initial 
discharge capacity of about 100 mAh g
-1
. After 500 cycles, more than 80% of 
its initial capacity can be preserved. Moreover, the specific power doesn’t 
change during cycling. As a result, excellent cyclability at high rate can be 
clearly observed as expected. 
 
Fig. 4.10 Change of specific capacity (black line) of LiMn2O4 microcubes at 
specific power (red line) and 20 C rate for 2000 cycles (b) ex-situ XRD spectra 
of the as-prepared LiMn2O4 before cycling and after 2000cycles 
To further study its cyclability at higher current, a long-term galvanostatic 
cycling at 20 C was carried out. As can be seen from Fig. 4.10a, a high initial 
discharge capacity of 94 mAh g-1 can be achieved. 70% of initial capacity still 
can be maintained after 500 cycles. After 2000 cycles, 34% of initial capacity 
can be retained whereas most of works reported much shorter cycle number 
for LiMn2O4 in organic electrolyte. In addition, the specific power in this case 
is as high as about 9000 W kg-1, which is comparable with that of variable 
capacitors. Ex-situ XRD results in Fig. 4.10b further confirm that the LiMn2O4 
microcubes have excellent structural stability during cycling and no Jahn-
Teller distortion occurs even after 2000 cycles. 
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4.3.7 The effect of Mn2O3 content 
 
Fig. 4.11 (a) XRD spectra of MnO2 precursor and LiMn2O4 obtained after 
calcination with different amount of LiOH at 700 ℃ for 10 h in air (b) first 
cycle charge-discharge curves (c) capacity retention, and (d) cycling 
performance at 10 C 
To investigate the effect of Mn2O3 on the electrochemical performance of 
LiMn2O4, different amount of excess LiOH, namely 2%, 5% and 10% were 
used to prepare the Mn2O3-coated LiMn2O4. Fig. 4.11a shows that Mn2O3 
content in the cathode decreases first and then increases with the increase of 
LiOH. With appropriate Mn2O3 phase, electrochemical performance of 
LiMn2O4 can be improved. However, excess Li source will produce tetragonal 
Li2Mn2O4 which may increase Mn dissolution into electrolyte and deteriorate 
the stability of the electrode. As can be seen, the spinel material obtained by 
using a 5 wt% excess LiOH exhibits the best electrochemical behaviour. 
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4.3.8 Energy/power density 
 
Fig. 4.12 Ragone plot showing high power with high energy density for the 
LiMn2O4 microcubes 
Finally, energy density is another factor which we consider as important as 
power density for cathode. The relationship between energy density and power 
density of LiMn2O4 microcubes is summarized in the Fig. 4.12. The LiMn2O4 
microcubes exhibit a high energy of 351 Wh kg
-1
 while delivering a power of 
9000 W kg
-1
, revealing both superior energy and power performance. As a 
result, this sample with monodispersed porous LiMn2O4 microcubes shows 
great promise for practical application in future. 
4.4 Conclusions 
Macroporous LiMn2O4 microcubes assembled with closely compacted 
nanograins have been successfully synthesized by a low temperature 
hydrothermal processing combined with high temperature calcinations. MnO2 
microcubes were obtained first and utilized as self-template. The as-prepared 
LiMn2O4 exhibits excellent electrochemical performance when it is applied as 
a cathode for lithium ion batteries. It delivers a high specific discharge 
capacity of 120 mAh g
-1
 at 0.1 C. 84% of initial discharge capacity can be 
72 
 
retained when charged at 10 C rate and 78.4% when charged up to 20 C. The 
remarkable rate capability could be attributed to its high phase purity, 
nanograins and macropores with a diameter of 200-400 nm at the surface. By 
optimizing the amount of LiOH, the prepared LiMn2O4 with appropriate 
Mn2O3 as the surface coating shows superior cycling performance, and 
maintains about 80% of the reversible capacity after 500 cycles at 10 C, which 
is much better than many other lithium-ion batteries reported. Ex-situ XRD 
confirms spinel structure could be well-preserved after long cycling at high-
rate current, revealing its remarkable cyclability. Furthermore, the prepared 
LiMn2O4 exhibits a high energy of 351 Wh kg
-1
 while delivering a high power 
of 9000 W kg
-1
. It can be concluded that the as-prepared LiMn2O4 which is a 
real green material with high energy, high power and long cyclability makes 
much progress and could be attractive for the applications in next generation 





Chapter 5. High voltage LiMn1.5-xCr2xNi0.5-xO4 
spinel cathode with improved energy density for 
lithium ion batteries: influence of chromium doping 
and structural stability 
In this chapter, a series of Cr-doped spinel materials LiMn1.5-xCr2xNi0.5-xO4 (2x 
= 0, 0.1, 0.2, 0.3, 0.4 and 0.5) are prepared by a PEG400 polymer assisted 
mechanical activation method. It is found that Cr doping for Mn and Ni 
increases the cation disordering in the spinel structure when 2x ≤ 0.3. 
However excess Cr (2x = 0.4 and 0.5) introduces undesirable impurity and 
increases the Mn/Ni cation ordering. Morphology observation reveals that 
LiMn1.5-xCr2xNi0.5-xO4 consists of nano polyhedrons with the secondary particle 
size of about 40 μm. Galvanostatic charge-discharge tests show that although 
pristine LiMn1.5Ni0.5O4 and LiMn1.35Cr0.3Ni0.35O4 display an almost same 
initial discharge capacity (254 mAh g
-1
), LiMn1.35Cr0.3Ni0.35O4 can deliver a 
high discharge capacity of 206.4 mAh g
-1
 after 50 cycles with a low fading 
rate of 0.37% per cycle while pristine LiMn1.5Ni0.5O4 only can maintain a 
reversible discharge capacity of 67.7 mAh g
-1
 with a fading rate of 1.47% per 
cycle. All the results suggest that Cr doping can efficiently improve the cycle 
stability of spinel materials with extended capacity.  
5.1 Introduction 
LiMn1.5Ni0.5O4 is a promising candidate with high specific energy since it 
possesses a high working voltage of about 4.7 V and 3D frame beneficial for 
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fast lithium intercalation and de-intercalation during cycling process. In theory, 
the framework of Mn1.5Ni0.5O4 can accommodate two moles of Li
+
 with a 
specific capacity of about 294 mAh g
-1
 when Li ions are inserted into both 8a 
tetrahedral and 16c octahedral sites of the spinel lattice at the voltage of ~ 4.7 
V and ~ 2.8 V, respectively[9, 238-241]. Unfortunately, in this case the 
material will experience the severe Jahn-Teller distortion, resulting in fast 
capacity fade. Limited researches related to cation and anion doping have been 
carried out to solve the problem.[239, 241-242] The partial replacement of Mn 
and Ni by Cr in LiMn1.5Ni0.5O4 has been proved to be an effective way to 
improve the electrochemical performance of LiMn1.5Ni0.5O4 cycling at high 
voltage range since Cr has a stronger bonding energy with O than that of Mn-
O and Ni-O. With such large Cr-O bonding energy, oxygen deficiency at high 
heating temperature could be relieved, thus maintaining the structural stability.  
To the best of our knowledge, no study on the electrochemical performance of 
Cr-doped spinels cycling at 2-5 V has been reported. Except the strong 
bonding with O, Cr has only three electrons in its 3d energy level and do not 
exhibit Jahn-Teller distortion.[5] Therefore, it is of great importance to study 
the effect of Cr doping on reinforcing crystal structure of LiMn1.5Ni0.5O4 and 
improving its cyclic stability below 3 V. 
In this work,  spinel LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) 
are prepared via the polymer assisted mechanical activation method followed 
by a post-annealing at 700 ℃ to further reduce impurity. The structure and 
electrochemical behaviors of LiMn1.5-xCr2xNi0.5-xO4 are examined. Equal 
amounts of Cr
3+




 are designed to maintain +4 






). The purpose of this work is to 
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investigate the effect of Cr-doping on structure properties of LiMn1.5Ni0.5O4 
during lithium extraction and insertion by various measurements. 
5.2 Experimental 
5.2.1 Material preparation 
A series of LiMn1.5-xCr2xNi0.5-xO4 (2x = 0.1, 0.2, 0.3, 0.4 and 0.5) compounds 
were prepared via a polymer assisted mechanical activation method followed 
by a post-annealing. In a typical process, stoichiometric LiOOCCH3·2H2O, 
Mn(OOCCH3)2·4H2O,  Ni(OOCCH3)2·4H2O and Cr2O3 were first mixed with 
oxalic acid and grounded in a planetary Restach ball mill for 5 h to obtain a 
homogeneous mixture. Then polymer PEG400 was added and again grinded 
for 12 h. Finally, the mixture was pre-calcined at 400 ℃ for 10 h and heated at 
900 ℃ for 10 h in air to obtain the products. To further decrease the impurity, 
a post-annealing at 700 ℃ for 48 h was applied. LiMn1.5Ni0.5O4 (2x = 0) was 
also synthesized in the same way for comparison. 
5.2.2 Material characterization 
Crystal structure identification, particles’ morphology observation, elemental 
distribution analysis and thermal analysis have been described in Sections 
2.3.1, 2.3.2, 2.3.4 and 2.3.3, respectively. 
5.2.3 Electrochemical tests 
LIB assembly process, charge-discharge measurement, dQ/dV analysis and 




5.3 Results and discussion 
5.3.1 Structural and compositional analysis 
 
Fig. 5.1 XRD spectra of the LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 0.4, 
0.5) samples: (a) overall spectra and (b) enlarged spectra 
 
Fig. 5.2 (a) Morphology of pristine LiMn1.5Ni0.5O4 (b) electron diffraction 
patterns of LiMn1.5Ni0.5O4 in the [111] zone (c) morphology of 
LiMn1.35Cr0.3Ni0.35O4 and (d) electron diffraction patterns of 
LiMn1.35Cr0.3Ni0.35O4 in the [111] zone, where super lattice reflections 




 appear in the post-
annealed spinel but disappear after Cr substitution. 
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Fig. 5.1 shows the XRD spectra of the LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 
0.3, 0.4, 0.5) after postannealing at 700 ℃. As can be seen, the LiMn1.5-
xCr2xNi0.5-xO4 samples with 2x ≤ 0.3 show nearly no impurity, which may be 
associated with an increase in the solubility of Ni and Cr in the spinel lattice 
assisted by a stabilization of nearly all Mn
4+
 and elimination of oxygen 
deficiency after postannealing at 700 ℃. On the contrary, the 2x = 0.4 and 2x 
= 0.5 samples show little LixNi1-xO impurity phase. This may be caused by the 





, and, as reported[243], further substitution could lead to the 
formation of LixCrO2 impurity phase. The failure of total Cr
3+
 doping into the 
LiMn1.5Ni0.5O4 as designed will result in the formation of LixNi1-xO impurity 
phase. With the formation of the LixNi1-xO impurity phase, Ni content and Mn 
valence in the sample decreases, which will deteriorate the electrochemical 
behavior of the as-prepared samples. On the other hand, all the XRD patterns 
for the 2x ≤ 0.3 samples show only features of disordered spinel with Fd-3m 
space group. Since XRD is reported to be not so sensitive to distinguish 
disordered (Fd-3m) and ordered (P4332) phases[76], the electron diffraction 
patterns of LiMn1.5Ni0.5O4 and LiMn1.35Cr0.3Ni0.35O4 in the [111] zones are 
further compared in Fig. 5.2. For pristine LiMn1.5Ni0.5O4, some unexpected 
reflections appear in the electron diffraction patterns (Fig. 5.2b), which should 
not be found in the Fd-3m space group. The appearance of the super lattice 




, indicates the 
coexistence of the ordered P4332 phase in the pristine spinel, which cannot be 
directly observed in XRD. After Cr doping, the extra diffraction spots 




 are no longer found (Fig. 
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5.2d), suggesting the increase of the disordered phase and the decrease of the 
ordered phase in LiMn1.35Cr0.3Ni0.35O4. Cr doping results in the formation of a 
more disordered phase. In comparison, Fig. 5.1b shows that 2x = 0.5 sample 
exhibits a series of superlattice peaks at 15°, 27°, 34.5°, 39° and 46° arising from 
ordered phase. Thus, it could be concluded that the structure of spinel could 
not accommodate too much Cr
3+
 ions. Excess Cr doping not only increases the 
amount of impurity but also introduces more ordered phase in the lattice, both 
of which may not do any good to the performance of spinel. Moreover, the 
occurrence of the (220) diffraction peak at 2θ ≈ 30° in the 2x = 0.4 sample 







 transition metal cations (Fig. 5.1b).[244] The Li
+
/cation mixing can 
block Li
+
 ion diffusion, which may deteriorate the electrochemical 
performance of LiMn1.5Ni0.5O4.[245]  
In order to clarify Cr distribution throughout the spinel structure, EDX was 
carried out for Cr-doped spinels. Fig. 5.3 illustrates the EDX maps of Kα lines 
for Li, O, Cr, Mn and Ni in one of  Cr-doped spinel with 2x = 0.3, namely 
LiMn1.35Cr0.3Ni0.35O4, using accelerating voltage of 5 keV. As shown in Fig. 
5.3, the uniform distribution of the Li, O, Cr, Mn and Ni was observed 
throughout the spinel particles. The similarity between Cr, Mn and Ni EDX 
maps indicates that Cr atoms were uniformly distributed throughout the grain 
where the Cr atoms were expected to be doped in Mn and Ni sites. The EDX 





Fig. 5.3 EDX maps of Kα lines for Li, O, Cr, Mn and Ni in 
LiMn1.35Cr0.3Ni0.35O4 spinel with accelerating voltage of 5 kV 
5.3.2 Lattice parameter 
 
Fig. 5.4 Lattice parameter change of LiMn1.5-xCr2xNi0.5-xO4 
Cr doping changes lattice parameter of LiMn1.5-xCr2xNi0.5-xO4 as shown in Fig. 
5.4 that reveals increase in lattice parameter with increase in the amount of Cr 
although the ionic radius of Cr
3+







)/2. Kunduraci and Amatucci showed that disordering the B-site 
cations in LiMn1.5Ni0.5O4 increases the volume of the unit cell. Substitution of 
Cr for Ni and Mn introduces greater disorder of the B cations. Therefore it is 
assumed that disordering is one of the reasons, especially for 2x ≤ 0.3 samples. 
[247] In addition to disordering, formation of vacancies in O sites is another 
reason due to repulsive force between anions. Combined all the results 
obtained from XRD, electron diffraction and EDX, it can be concluded that Cr 
replaces both the lattice Mn and Ni especially when 2x ≤ 0.3 as expected. 
5.3.3 Particle morphology 
 
Fig. 5.5 SEM micrographs of primary particles in LiMn1.5-xCr2xNi0.5-xO4 (2x=0, 
0.1, 0.2, 0.3, 0.4, 0.5) samples 
Fig. 5.2 and Fig. 5.5 show the morphologies of LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 
0.1, 0.2, 0.3, 0.4, 0.5) samples prepared by the polymer assisted activation 
method to study the effect of Cr doping on the particle morphology of spinel. 
Micrographs of pristine and Cr-doped LiMn1.5Ni0.5O4 exhibit large micro-
sized particles with the spongy morphology (Fig. 5.2), consisted of aggregates 
of crystallites with octahedral particle shape and polyhedral shape (Fig. 5.5). 
The small crystallite size of the spinel samples may be caused by gases 
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releasing during the polymer decomposition process, which inhibit the 
sintering of the particles.[248] The spinel tends to form an octahedral shape to 
reduce surface energy.[249] The morphology of the crystallites are not 
changed with the doping of Cr. The obtained small spinel crystallites 
aggregate into secondary particles around 40 μm. Such large secondary 
particles will increase tap density and hence volumetric energy. From these 
results we can see that Cr-doping has no influence on the morphology and 
crystallinity of the spinels in this case. 
5.3.4  First cycle charge/discharge profiles 
 
Fig. 5.6 (a) First cycle charge/discharge profiles and (b) dQ/dV curves of four 
LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.3 and 0.5) samples when cycled between 
2.0 and 4.8 V at 20 mA g
-1
 
Fig. 5.6a shows the first cycle charge/discharge profiles of four representative 
LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.3 and 0.5) compounds at 20 mA g
-1
 in a 
potential window of 2.0-4.8 V. Almost all the curves emerge discharge 
plateaus at 4.7 V, 4.1 V, 2.8 V and 2.1 V, indicating the cycle process for 
LiMn1.5-xCr2xNi0.5-xO4 are multi-phase reaction. Specifically, the plateau at 4.7 




 and the plateaus 
below 3 V was attributed to one more mole Li ions insertion into LiMn1.5-
xCr2xNi0.5-xO4. Moreover, some compounds exhibit a 4 V plateau originate 
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, although they are designed to be 
without Mn
3+
. This is due to the formation of disordered phase or Cr
6+
 ions in 
the spinel structure, agree well with the discussion in 5.3.1. In general, only 
two plateaus near 4.7 V and 2.8 V can be seen in pristine LiMn1.5Ni0.5O4 while 
five distinctive discharge plateaus are observed in Cr-doped spinels. The 
appearance of the two plateaus at around 4.7 V and the plateaus at 4.1 V and 
2.1 V in LiMn1.5-xCr2xNi0.5-xO4 are better evidenced by the peaks of the dQ/dV 
curves in Fig. 5.6b, reflecting the cation disorder of the Cr-doped samples. 
Undoped sample shows a relatively flat and a little higher voltage plateaus at 
4.7 V than those of the Cr-doped spinels, consistent with previous works[250]. 
However, this is the first direct observation that Cr-doped samples shows a 
little higher voltage plateaus below 3 V. Table 5-1 shows the first cycle 
discharge capacities of LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) 
obtained in different voltage regions. In general, the total discharge capacity of 
LiMn1.5-xCr2xNi0.5-xO4 decreases as the Cr content increases. The discharge 
capacity of the LiMn1.5-xCr2xNi0.5-xO4 compounds at 4.7 V decreases with the 





undergoes a redox process at a higher voltage leading to decomposition of 
electrolyte. In the LiMn1.5-xCr2xNi0.5-xO4 series, LiMn1.45Cr0.1Ni0.45O4 shows 
the highest 4.7 V capacity of 121.6 mAh g
-1
 compared to 116.6 mAh g
-1
 for 
LiMn1.5Ni0.5O4, which may be due to the enlarged lattice parameter after Cr 
doping. For the capacity below 3 V, there is no apparent tendency. 
LiMn1.35Cr0.3Ni0.35O4 shows the highest first cycle discharge capacity of 155.3 
mAh g
-1
 among various compositions.  
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5.3.5 Cycle performance 
 
Fig. 5.7 Cycle performance of the LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 
0.4 and 0.5) electrodes when cycled between 2.0 and 4.8 V at 20 mA g
-1
 (a) 
discharge capacity (b) discharge energy density and the performance at 
different potential windows (c) between 4.8-2.8 V and (d) between 2.8-2.0 V 
Fig. 5.7 shows the cycling performance of LiMn1.5-xCr2xNi0.5-xO4 for 50 cycles. 
In general, all Cr-doped spinels exhibit better cycle stability than pristine 
LiMn1.5Ni0.5O4. The capacity retention of Cr-doped spinels was improved with 
the increase in the content of Cr when 2x ≤ 0.3. However, when the amount of 
dopant 2x was higher than 0.3, electrochemical cycle performance was getting 
worse. Among various compositions, LiMn1.35Cr0.3Ni0.35O4 shows the best 
combination of high capacity (206.4 mAh g
-1
 after 50 cycles) and good 
cyclability (0.37% fade per cycle). Similarly, the same trend is also found in 
the discharge energy density variation as a function of cycle number as shown 
in Fig. 5.7b. LiMn1.35Cr0.3Ni0.35O4 exhibits a high energy density of ~ 700 Wh 
kg
-1
. Cycle stabilities of LiMn1.5Ni0.5O4 and LiMn1.35Cr0.3Ni0.35O4 at different 
potential windows are further compared in Fig. 5.7c and Fig. 5.7d. As 
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discussed, the poor cycle stability of spinel above 3 V is caused by the Mn 
instability at high voltage while fast capacity fading of spinel below 3 V could 
be attributed to the Jahn-Teller distortion. It can be seen from Fig. 5.7 that 
both the capacity retentions of  LiMn1.35Cr0.3Ni0.35O4 above and below 3 V 
improve significantly compared to pristine LiMn1.5Ni0.5O4. Therefore it can be 
concluded that Cr doping in this case could efficiently enhance the cycle 
stability of spinel materials. 

































0 8.163 116.6 137.3 253.9 1.47% 
0.1 8.168 121.6 149.2 270.8 0.71% 
0.2 8.171 104.3 125.1 229.4 0.53% 
0.3 8.174 98.5 155.3 253.8 0.37% 
0.4 8.171 85.5 143.5 229.0 0.46% 
0.5 8.174 76.0 133.2 209.2 0.48% 
 
5.3.6 Mechanism for improved cycle performance 
Generally, surface side reaction caused by high spin Mn
3+
 is one of the main 
reason for spinel material’s poor cycle stability when it is charged to a high 
voltage. However, Jahn-Teller distortion become another important cause for 
the fast capacity fade of spinel electrode when cycled in a wider potential 
window especially below 3 V. Thus in this case, the possible reasons for the 
significant improvement in the cycle stability of LiMn1.5-xCr2xNi0.5-xO4 
compounds can be ascribed into two aspects, namely suppression of 
manganese dissolution and elimination of Jahn-Teller distortion. Structural 
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stability of LiMn1.5Ni0.5O4 and LiMn1.5-xCr2xNi0.5-xO4 was examined by TG 
analysis as shown in Fig. 5.8. 
 
Fig. 5.8 TG analysis of pristine LiMn1.5Ni0.5O4 and Cr-doped 
LiMn1.35Cr0.3Ni0.35O4 samples 
Fig. 5.8 shows the sharply weight loss of both pristine LiMn1.5Ni0.5O4 and Cr-
doped LiMn1.35Cr0.3Ni0.35O4 samples during heating process starts at 700 ℃. 
Such large weight change is associated with the removal of lithium and 
oxygen in spinel structure.[251] Park et al. reported that Mn
3+
 ions generate at 
high temperature, which introduce oxygen deficiency in LiMn1.5Ni0.5O4. 
Compared to pristine spinel, LiMn1.35Cr0.3Ni0.35O4 exhibits a smaller weight 
loss. In addition, the recovery experiment during cooling shows that Cr-doped 
LiMn1.35Cr0.3Ni0.35O4 can restore more oxygen than pristine spinel. The results 
confirm that Cr has a stronger bonding strength with oxygen and plays an 
important role in the maintenance of spinel structure. Therefore, in view of 
thermodynamics, the enhanced performance of the LiMn1.5-xCr2xNi0.5-xO4 
could be partially attributed to the stronger Cr-O bonding strength than those 
of Mn-O and Ni-O bondings, which could reduce the Jahn-Teller distortion 
induced by high spin Mn
3+
. Moreover, decreasing Mn could result in less Mn 
dissolution into the electrolyte.[221] It is worth noting that too much Cr is 
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detrimental, as illustrated by the poor performance for LiMn1.3Cr0.4Ni0.3O4 and 
LiMn1.25Cr0.5Ni0.25O4. Liu et al.[247] pointed out that a higher concentration of 
Cr allows the disproportionation reaction 3Cr(IV) = 2Cr(III) + Cr(VI) with Cr 
(IV) in tetrahedral sites blocking Li
+
-ion insertion on discharge. 
5.4 Conclusions 
Polymer assisted mechanical activation method is used to prepare a series of 
Cr-doped spinel LiMn1.5-xCr2xNi0.5-xO4 (2x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5). The 
crystal structure, particle morphology and electrochemical performance of as-
prepared compounds are investigated and compared by using XRD, SEM, 
TEM, EDX and charge/discharge tests. It can be seen that Cr doping increases 
the cation disordering but excess Cr content introduces undesirable impurity 
phase and increases cation ordering in the spinel structure. By using as 
cathode materials for lithium ion batteries, spinel compounds after Cr doping 
show improved capacity retention. Among various compositions, 
LiMn1.35Cr0.3Ni0.35O4 exhibits the best electrochemical properties. After 50 
cycles, LiMn1.35Cr0.3Ni0.35O4 delivers a high discharge capacity of 206.4 mAh 
g
-1
 with a low fading rate of 0.37% per cycle. In contrast, pure LiMn1.5Ni0.5O4 
only maintains a reversible discharge capacity of 67.7 mAh g
-1
 with a fading 
rate of 1.47% per cycle. Therefore, Cr doping is proved to be a useful method 
to improve the cycle stability of spinel materials with extended capacity while 




Chapter 6. High energy spinel-structured cathode 
stabilized by layered materials for advanced lithium-
ion batteries: nanodomain engineering 
Due to well-known Jahn-Teller distortion in LiMn1.5Ni0.5O4 spinel, it can only 
be reversibly cycled between 3 and 4.8 V with a limited reversible capacity of 
~ 147 mAh g
-1
. This study intends to embed the layer-structured Li2MO3 (Mn 
or Ti) nanodomains into LiMn1.5Ni0.5O4 spinel matrix so that the Jahn-Teller 
distortion can be suppressed even when the average Mn oxidation state is 
below +3.5. A series of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 where x = 0, 0.1, 0.2, 
0.3, 0.4, 0.5 and 1 are synthesized by co-precipitation method. Composites 
with intermediate values of x = 0.1, 0.2, 0.3, 0.4 and 0.5 exhibit both spinel 
and layered structural domains in the particles and show greatly improved 
cycle stability than that of the pure spinel. Among them, 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 delivers the highest and almost constant capacity after a few 
conditional cycles and shows superior cycle stability. Ex-situ X-ray diffraction 
characterizations indicate that no Jahn-Teller distortion occurs during the 
cycling of the 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 composite. In addition, 
0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 possesses a high energy density of ~ 700 Wh 
kg
-1
, showing great promise for advanced high energy lithium-ion batteries. 
Similarly, embedment of Li2TiO3 in LiMn1.5Ni0.5O4 (0.05Li2TiO3 • 
0.95LiMn1.5Ni0.5O4) improves cyclability, which further proves the feasibility 




LiMn1.5Ni0.5O4 spinel is fundamentally different from LiMn2O4 as redox 
activity takes place in Ni with Mn theoretically remaining in 4+ state when 
cycled between 3 and 5 V, suppressing both Jahn-Teller distortion and Mn 
dissolution. Recently, some researchers[238-240] have reported that almost 
doubled theoretical capacity can be accessible when the potential window 
extends to 2-5 V, which could further increase the energy density of spinel 
materials. However, for Jahn-Teller distortion below 3 V associated with a 
cubic to tetragonal phase transition, although the degree of distortion in 
LiMn1.5Ni0.5O4 (c/a = 1.07) is smaller than that of LiMn2O4 (c/a = 1.16), there 
is still a big volume change of about 5%.[100, 252-254] It is believed that the 
phase transition induced strain is too large for LiMn1.5Ni0.5O4 grains to 
maintain structural integrity, thus resulting in fast capacity fading upon 
cycling. By far, LiMn1.5Ni0.5O4 can only be reversibly charged and discharged 
between 3 and 5 V with limited capacity of 147 mAh g
-1
, which hinders the 
use of LiMn1.5Ni0.5O4 for high energy applications. In order to practically use 
the extended theoretical capacity, Jahn-Teller distortion in LiMn1.5Ni0.5O4 
needs to be further suppressed to make this material can be reversibly charged 
and discharged between 2 and 5 V with 2 Li
+
 extraction/reinsertion. To 
achieve this, cation and/or anion doping in LiMn1.5Ni0.5O4 has been employed 
to suppress the Jahn-Teller distortion with improved cyclic performance 
between 2 and 5 V. Alcántara et al.[239] reported that Mg-doped 
LiMn1.5Ni0.5O4 exhibited a net improvement in capacity retention as Mg 
content increases when cycled in the 3 V region. Similarly, Lin et al.[241] 
reported that the Ti-doped LiMn1.5Ni0.5O4 exhibited improved capacity 
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retention compared to the undoped LiMn1.5Ni0.5O4 in the wide voltage region 
of 4.95-2.0 V. However, it is worth noting that both Mg- and Ti-doping at 
either Ni or Mn site significantly decrease the reversible capacity of materials 
and cannot completely solve the problems associated with Jahn-Teller 
distortion. As a result, the obtained reversible capacity and cycle performance 
are still far from the requirements for practical applications.  
Inspired by the recent achievements in substitution of structural units rather 
than cations or anions, improved structural stability has been demonstrated by 
Li2MnO3 stabilized layered LiMO2 (M refers to transition metals) in a wide 
voltage window between 2 and 5 V.[29, 255-257] Since Li2MnO3 is 
electrochemically inactive below 3 V[258], if the nano dimension Li2MnO3 
structural units can be embedded in the spinel structure, such nanostructure 
units may be able to help accommodate stress from the Jahn-Teller distortion, 
leading to improved structural stability of the spinel in a wide voltage window 
between 2 and 5 V. Moreover, Li2MnO3 phase could be activated by 
extracting Li2O from Li2MnO3 to yield electrochemically active MnO2 at high 
voltage region and it will further contribute to the capacity of the composites. 
Despite the variation in crystallographic space group symmetry, R-3m 
(trigonal) for LiMO2 and Fd-3m (cubic) for LiMn1.5Ni0.5O4, the structural 
compatibility in view of (001)monoclinic[29] and (111)cubic[259] lattice fringes 
[260] allows the integration of the Li2MnO3 nanodomains in spinel 
LiMn1.5Ni0.5O4 with the success in the layered-layered composites. Unlike 
layered-layered composite structure in which the (001) and (003) lattice 
fringes of the Li2MnO3 and LiMO2 are coincident in the HRTEM, it is more 
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readily to differentiate two structurally compatible layered and spinel 
components with this technique.[29] 
In this work, a series of layered-spinel xLi2MnO3 • (1-x) LiMn1.5Ni0.5O4 (x = 
0.1, 0.2, 0.3, 0.4 and 0.5) are prepared by co-precipitation method first. It has 
been demonstrated that the layered Li2MnO3 nanodomains are successfully 
embedded in the LiMn1.5Ni0.5O4 spinel particles so that Li2MnO3 nanodomains 
are able to stabilize LiMn1.5Ni0.5O4 providing a large reversible capacity of 
about 200 mAh g
-1
 where x = 0.3 and excellent cycle stability in the wide 
voltage window between 2 and 4.8 V. The greatly improved cyclability of the 
spinel between 2 and 4.8 V can be attributed to the improved structural 
stability as a result of the dispersed Li2MnO3 nanodomains in the spinel matrix, 
as ex-situ X-ray diffraction confirms that no Jahn-Teller distortion takes place 
for this composite when discharged to 2 V. Furthermore, 0.05Li2TiO3 • 0.95 
LiMn1.5Ni0.5O4 is synthesized in the same manner and enhanced cycle stability 
is also obtained. 
6.2 Experimental 
6.2.1 Material preparations 
A series of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1) 
composites were prepared via co-precipitation followed by calcination. In a 
typical synthesis, stoichiometric amounts of NiSO4•6H2O and MnSO4•H2O 
were dissolved in distilled water and then added dropwise into a mixed 
aqueous solution of Na2CO3 and NH4HCO3 with continuous stirring. The 
obtained co-precipitated carbonate powders were then filtered, washed, and 
dried in an air oven at 80 ℃. Thereafter, the dried carbonate powders were 
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mechanically mixed with required amounts of lithium carbonate. The mixtures 
were first heated at 600 ℃ for 5 h and then calcined at 900 ℃ for 10 h in air to 
obtain the final products. A 5 wt% excess lithium carbonate was used in the 
mixtures to compensate for lithium loss during the high temperature 
calcination process. For xLi2TiO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 0.05 and 0.1), 
TiO2 (anatase) was utilized as the Ti
4+
 source. 
6.2.2 Material characterizations 
Crystal structure identification, particle morphology observation and micro-
structure investigation have been described in Sections 2.3.1 and 2.3.2 
respectively. 
6.2.3 Electrochemical tests 
LIB assembly process, charge-discharge measurement, dQ/dV analysis, rate 
performance and cyclability tests have been shown in Sections 2.3.5.1, 2.3.5.2 
and 2.3.5.5. To measure electronic conductivities, EIS was performed as 
shown in Section 2.3.5.3. 
6.3 Results and discussion 
6.3.1 Structural analysis 
XRD spectra of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 with x = 0, 0.1, 0.2, 0.3, 0.4, 
0.5 and 1 calcined at 900 ℃ are shown in Fig. 6.1. When x = 0 and x = 1, the 
two XRD patterns can be indexed as a disordered cubic spinel phase with Fd-
3m symmetry and a monoclinic phase with C2/m symmetry, respectively. For 
the intermediate compositions of x = 0.1, 0.2, 0.3, 0.4 and 0.5, XRD spectra 
show reflection peaks corresponding to both layered and spinel phases, 
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indicating the coexistence of these two phases in the products. The several 
weak peaks located in the 2θ range of 20-23°, shown in the right enlarged 
section, are consistent with the LiMn6 super-ordering in Li2MnO3 monoclinic 
phase.[29] As expected, the intensities of these weak peaks increased with 
increase in the amount of x, indicating formation of a larger content of layered 
phase.  
 
Fig. 6.1 Powder X-ray diffraction spectra of xLi2MnO3 • (1-x)LiNi1.5Mn0.5O4 
(x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1). S and L refer, respectively, to the cubic 
spinel and layered phase, and L* refers the superstructure reflections arising 




 in the layered phase. 
6.3.2 Particle morphology 
 
Fig. 6.2 SEM images of the xLi2MnO3 · (1-x)LiMn1.5Ni0.5O4 (a) x=0 (b) x=0.1 
(c) x=0.2 (d) x=0.3 (e) x=0.4 (f) x=0.5 
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Fig. 6.2 shows the SEM images of the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 
0.1, 0.2, 0.3, 0.4 and 0.5) composites. It can be seen that the average particle 
size is all about 2 μm and the overall particle morphologies are a little 
different from each other according to the compositions. The pure spinel oxide 
as shown in Fig. 6.2a is composed of well-formed polyhedrons while the 
samples with high amount of Li2MnO3 are composed of particles without 
well-defined edges, indicating that the morphology of particles is affected by 
the amount of layered Li2MnO3. 
6.3.3 Microstructure observation 
 
Fig. 6.3 TEM identification of x = 0.3 particles. A. HRTEM image in bulk 
region shows layered, spinel and layered-spinel intermediate nano-domain 
structures. The fast flourier transformation (FFT) to Panel A is shown in Panel 
B, C and D which are indexed as in Panel F, E and G, respectively. H. 
HRTEM image and corresponding magnifications of spinel, layered and 
layered-spinel intermediate zones. 
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Fig. 6.3 shows the HRTEM images of the 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 
composite. In view of the bulk area of composite as shown in HRTEM image 
A, the layered, spinel as well as the layered-spinel intermediate zone could be 
easily identified and all within different nanodomains in one particle. 
Moreover, the Fast Fourier Transformation (FFT) images with corresponding 
indexing results for these areas are shown in panel B, C and D along with F, E 
and G, respectively, showing the spatial relationship among these nano-
domains. The intermediate zones contain both integrated layered and spinel 
orderings. Fig. 6.3H shows the remarkable topotactic coexistence of layered 
and spinel regions in which the close-packed planes of the layered Li2MnO3 
and spinel component are coherent along Li2MnO3 [200] and spinel [1̅1̅3] 
directions. The HRTEM results clearly indicate that the layered nanodomains 
were successfully embedded in the spinel structure for the xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 composite. 
6.3.4 First and second cycle charge-discharge profiles 
Fig. 6.4a shows the first cycle charge-discharge profiles of the pure Li2MnO3, 
LiMn1.5Ni0.5O4 and 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 at a current density of 20 
mA g
-1
 between 2.0 and 4.8 V. For x = 0, the charge curve of LiMn1.5Ni0.5O4 
exhibits three voltage plateaus whereas five distinctive plateaus are observed 
in the discharge curve, representing a typical voltage response of a pure spinel 
electrode.[9] During charge, the two voltage plateaus at about 4.7 V are 








. Upon discharge, 











 ion insertion into the tetrahedral sites of 
the cubic spinel structure. The plateaus at ~ 4.0 V for both charge and 
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, which is caused by 
the deficit of small amount oxygen in the pristine sample. Further discharging 
the sample below 3 V results in another two plateaus at about 2.8 and 2.1 V, 





 involving Li ion insertion into 16c octahedral sites of the spinel structure, 
which is associated with a cubic to tetragonal phase transition. For x = 1, the 
charge-discharge profiles are consistent with the electrochemical response of 
pure layered Li2MnO3 electrode. During the initial charge, a voltage plateau-
like region at ~ 4.6 V is originated from the irreversible removal of Li2O from 
Li2MnO3 to form MnO2. During the discharge, the steadily decreasing voltage 
profile is consistent with the insertion of Li ion into MnO2 structure.[261-262] 
For the composite with intermediate composition 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4, the initial charge and discharge voltage profiles show both 
the spinel- and layered-like feature.  Upon discharge, the sloping profile 
between 3.9 and 2.8 V is a signature of the presence of the layered component 
while the voltage plateaus above 4.5 V and below 2.8 V are associated with 
the spinel component. Moreover, this trend is also supported by the dQ/dV 
analysis in Fig. 6.4. The small peak in range of 4.60 and 4.65 V corresponding 
to the activation of Li2MnO3 in the pure layered and the 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 composite are easily observed in the enlarged section of the 
dQ/dV plots compared with pure spinel composite (Fig. 6.4b). For the second 
cycle, two new voltage plateaus at about 2.9 V and 3.82 V emerge in the 
charge curves for both the pure spinel and the 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 
composite, corresponding to the tetragonal to cubic phase transition involving 








Fig. 6.4 (a) First cycle and (c) second cycle charge-discharge profiles and (b) 
first cycle and (d) second cycle differential capacity (dQ/dV) plots of three 
composites xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 0.3, 1) when cycled 
between 2.0 and 4.8 V at 20 mA g
-1
. 
6.3.5 Compositional phase diagram  
 
Fig. 6.5 Compositional phase diagram showing the electrochemical reaction 
pathways for a xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 electrode. 
A proposed electrochemical reaction mechanism of the xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 electrode is illustrated in the compositional phase diagram as 
shown in Fig. 6.5. The chemical composition of 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 is located at the point of x = 0.3 in the Li2MnO3-
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LiMn1.5Ni0.5O4 tie-line. During the initial charge of the Li/0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 cell to about 4.6 V, Li
+
 ions are first extracted from 
Li2MnO3 before they are extracted from LiMn1.5Ni0.5O4 as indicated by the 
solid line in the compositional phase diagram. In this case, MnO2 is formed 
with the simultaneous release of oxygen. When the cell voltage is raised to 
higher value, Li
+
 ions are further extracted from the LiMn1.5Ni0.5O4 
component in the composite with formation of Mn1.5Ni0.5O4 until the solid line 
reaches the Li2MnO3-M2O4 (MnO2 • Mn1.5Ni0.5O4) tie-line. Finally, the 
composition of the electrode becomes (x-δ)Li2MnO3 • δMnO2 • (1-x)Mn1.5-
Ni0.5O4 at the end of the charge process. On the following discharge process, 
the Li
+
 ions are firstly inserted into the tetrahedral sites of spinel component, 
then into the MnO2 component and finally into the octahedral sites of spinel 
until the final composition (x-δ)Li2MnO3 • δLiMnO2 • (1-x)Li2Mn1.5Ni0.5O4 is 
reached as indicated by the dash line in the compositional phase diagram. 
After that, the compositional changes of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 
could be expected to follow the (x-δ)Li2MnO3 •δMnO2•(1-x)Mn1.5Ni0.5O4 - (x-
δ)Li2MnO3•δLiMnO2•(1-x)Li2Mn1.5Ni0.5O4 tie-line in Fig. 6.5. 
6.3.6 Cycle and structural stability 
 
Fig. 6.6 Cycle performance of the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 electrodes 
(x =0, 0.1, 0.2, 0.3, 0.4 and 0.5) when cycled between 2 and 4.8 V at 20 mA g
-
1
: (a) discharge capacity and (b) discharge energy density. 
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Fig. 6.6a shows the discharge capacity versus cycle number for the first 50 
cycles of the various lithium cells when cycled between 2 and 4.8 V. The data 
clearly demonstrate that the capacity of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 
electrode in first cycle decreases as x value increases. This is attributed to the 
increased amount of the electrochemically inactive Li2MnO3 phase in the 
composite. As can be seen, the spinel electrode LiMn1.5Ni0.5O4 (x = 0) delivers 
the highest initial discharge capacity of ~ 220 mAh g
-1
. However, the 
discharge capacity for the pure spinel decreases sharply over successive cycles. 
It is clear that the incorporation of Li2MnO3 nanodomains in the spinel matrix 
could greatly improve the cycle stability as all composites with various x 
values exhibit significantly improved capacity retention. There is a tendency 
that the capacity retention of the composite can be further improved as the 
content of Li2MnO3 component increases. However, excessive inactive 
Li2MnO3 embedded in the spinel structure will decrease the total specific 
capacity, like in the x = 0.4 and x = 0.5 composites, which makes them 
unattractive. Among various compositions, the x = 0.3 electrode is the most 
promising one because it shows a good combination of high capacity and good 
cycle stability, even after 100cycles (in the inset) as shown in the Fig. 6.6a. 
Similarly, the same trend is also found in the discharge energy density 
variation as a function of cycle number as shown in Fig. 6.6b. 
In order to further investigate the cycle stabilities of both the spinel and 
layered components in the x = 0.3 composite, comparisons of the cyclability at 
different potential windows between the pure spinel and x = 0.3 composite are 




Fig. 6.7 Cycle performance of the x = 0.3 sample in the xLi2MnO3 • (1- 
x)LiMn1.5Ni0.5O4 system at different potential windows (a) 4.8-4.5 V (b) 2.8-
2.0 V (c) 3.9-2.8 V in comparison with pure spinel LiMn1.5Ni0.5O4. 
As discussed, the capacities generated above 4.5 V and below 2.8 V are 
contributed by the spinel component. Fig. 6.7 reveals that the cycle stability of 
the spinel component in the composite has been significantly improved 
compared to the pure spinel. However, it is worth noting that the layered 
component is gradually activated during the extend cycling and contributes to 
total capacity. Since the reversible capacity of the Li2MnO3 component in this 
sample is 50 mAh g
-1
 (the mass of 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 is used in 
the calculation), the data in Fig. 6.7c clearly demonstrate that part of the 
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Li2MnO3 component in 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 composite has been 
activated after 15cycles. Therefore, the embedded Li2MnO3 nanodomains in 
the spinel not only improves the cycle stability of spinel component but also 
contributes to the total reversible capacity for the composite. 
 
Fig. 6.8 XRD data of (a) the x = 0 and (b) the x = 0.3 sample in the xLi2MnO3 
• (1- x)LiMn1.5Ni0.5O4 system (before and after cycling). S, T and L refer, 
respectively, to the cubic spinel, tetragonal spinel and layered phase. 
Fig. 6.8 shows the ex-situ XRD to understand structural evolution of the two 
types of materials after discharged to 2 V. Fig. 6.8a reveals the XRD spectra 
of the pure spinel before and after the first cycle charge/discharge at the 
current density of 20 mA g
-1
 between 4.8 and 2 V. It is noted that predominant 
diffraction from tetragonal phase belonging to the I41/amd space group clearly 
appeared after the first discharge, whereas no structural changes were 
observed from 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 sample, even after 50th cycle 
(Fig. 6.8b), indicating that the Jahn-Teller distortion was completely 
suppressed due to the presence of layered nanodomain in the spinel. This 
conclusion is also consistent with the good cycle performance for the x = 0.3 
sample. However, it is worth noting that after the 30th cycle, the apparent 
reflections corresponding to the layered phase at 37° and 44.8° have almost 
completely disappeared. The reason for this phenomenon will be discussed in 
the following sections.  
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6.3.7 Mechanism for improved cycle performance  
It is well known that fast capacity fade of LiMn2O4 spinel takes place when 
average oxidation state of  Mn ion is below 3.5. On one hand, the electrode 
will experience a slow surface dissolution into the electrolyte according to the 
disproportionation reaction: 2Mn
3+
 → Mn4+ + Mn2+. On the other hand, high 
Mn
3+
 concentration in the electrode will also induce a crystallographic Jahn-
Teller distortion involving a large volume change.[86] Therefore, the possible 
reasons for the significant improvement in the cycle stability of xLi2MnO3 • 
(1-x)LiMn1.5Ni0.5O4 composites can be ascribed into three aspects, namely 
suppression of surface manganese dissolution, elimination of Jahn-Teller 
distortion, and formation of spinel nanodomains. 
Table 6-1 Average oxidation states of manganese and nickel ions in the 








0 3.33+ 2+ 
0.1 3.38+ 2+ 
0.2 3.43+ 2+ 
0.3 3.48+ 2+ 
0.4 3.54+ 2+ 
0.5 3.60+ 2+ 
1 4+ - 
 
Table 6-1 tabulates the average oxidation states of Mn ions in the fully 
discharged state of 2 V assuming no Li2MnO3 has been activated. As can be 
seen, the average oxidation state of the Mn ions is as low as 3.33 when x = 0. 
Oxidation state increases with x value. When x = 0.4 and 0.5, it is larger than 
3.5 while when x = 0.3, it is very close to 3.5. In general, greater cycle 
stability can be achieved in spinel oxides if the average oxidation state of the 
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Mn ions is maintained above 3.5 throughout charge and discharge.[263-265] 
Therefore, one possible reason for the highly improved cycle stability of 
0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 in the present study can be attributed to high 
average valence of Mn ions, which can suppress the surface manganese 
dissolution. 
 
Fig. 6.9 Illustration of lattice distortion in pure spinel oxide A. HRTEM image 
in bulk region for a cycled spinel particle: cubic spinel is labelled with blue 
square while area circled by red shows lattice distortion. The fast flourier 
transformation (FFT) to Panel A is shown in Panel B and C: the elongation of 
the diffraction spots in Panel B indicates distortion of the lattices. 
 
Fig. 6.10 HRTEM images of A. pure spinel and B. 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 particles before cycling (shown in the inset) and after the 
30th cycle. 
Fig. 6.9 shows the HRTEM image and FFT patterns of different areas for a 
cycled pure spinel particle. In the cycled sample, distorted lattice/amorphous 
phases are easily observed in between the spinel domains as labelled by the 
red area in Fig. 6.9A, which should be due to the strains associated with Jahn-
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Teller distortion. Moreover, the visualization of lattice distortion can also be 
directly seen from the elongation of the diffraction spots in panel B.[266] Such 
lattice distortion associated with large strain will lead to particle pulverization 
after repeated cycles. 
As shown in the inset of Fig. 6.10A, the as-prepared LiMn1.5Ni0.5O4 particles 
display a dense structure without any cracks in the compact grains. After 
cycling test, however, the original large particles were pulverized into small 
ones and cracks were clearly observed in the large particles. The TEM results 
indicate the Jahn-Teller distortion induced strain is too large for the grains to 
maintain structural integrity and grains tend to break up, which could result in 
loss of electrical contact between electrode and current collector and thus fast 
capacity fade. On the contrary, no crack could be found in the 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 sample as shown in Fig. 6.10B. Consequently, it can be 
further concluded that the excellent cycling performance is obtained due 
probably to the good structural stability of the Li2MnO3 integrated spinel 
material.[267] 
 
Fig. 6.11 A. Fourier-filtered TEM image of nanostructured 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 composite. B. a schematic representation of the 
nanodomain structure of 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 composite, 
showing cubic spinel and layered nanodomains. 
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In the case when two phases coexist, growth of each phase will be constrained 
by another phase due to coherency and/or semi-coherency. The fourier-filtered 
TEM image in Fig. 6.11A further highlights the nanodomain structure of 
average dimensions of 30-60 Å. With such nanodomain structure (illustrated 
in Fig. 6.11B), the distortion of LiMn1.5Ni0.5O4 domains during charge and 
discharge has been constrained. Specifically, since the layered component is 
relatively stable during cycling, it could form a stable framework around the 
spinel component and suppress the Jahn-Teller distortion in LiMn1.5Ni0.5O4 
component. Meanwhile part of the overall lithium ions at high lithiation may 
be accommodated at interface sites, leaving the bulk of the cubic spinel 
regions lithium deficient.[268] Ex-situ XRD results provide a strong evidence 
for this speculation. Furthermore, even if the Jahn-Teller distortion still takes 
place during the cycling, the nanodomain structure can also help to 
accommodate large strain associated with the phase transition by slippage at 
the domain wall boundaries.[269-270] On the other hand, as  reported[271], 
when the spinel domains become very small, the deformation of each domain 
in particles due to the formation of the tetragonal phase proceeds in random 
direction, resulting in less anisotropic deformation of the particles. In this case, 
the possibility of particle pulverization is greatly reduced. 
Finally, the cycle stability of the layered Li2MnO3 component is also 
concerned in this study. Fig. 6.8b shows the intensities of the reflections 
corresponding to the layered phase have almost disappeared in the XRD 
pattern after 30 cycles charge/discharge. As can be seen in Fig. 6.12, the 
discharge voltage profile between 3.9 and 2.8 V corresponding to the layered 
component, as discussed, shift towards the lower voltage profile (represented 
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by arrow mark). This phenomenon has already been observed in the layered-
layered system like xLi2MnO3 • (1-x)LiMn0.5Ni0.5O2[272], which is related to 
the transition from a layered structure to a spinel-like structure. Other than 
regular spinel, most of the capacity obtained from this kind of material can 
continue to be delivered. And with the generation of such nanostructured 
spinel-like phase within the layered Li2MnO3 domains, it will continue to 
serve the same purpose as its parent phase as reported by Armstrong et al. 
[269]. Therefore, although a layered to spinel phase transition takes place in 
the Li2MnO3 component, excellent structural stability for the xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 composite is remained with cycling. 
 
Fig. 6.12 Discharge profiles of the x = 0.3 sample at the 1st, 2nd, 3th, 4th, 5th, 
6th, 7th, 8th, 9th, 10th, 15th, 30th and 50th cycles when cycled 
between 4.8 and 2 V at 20 mAh g
-1
. 
6.3.8 Rate capability 
In order to further evaluate the effect of Li2MnO3 layered phase on the rate 
capability of the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 composites, the cells were 
cycled in the voltage range of 2.0-4.8 V with the increasing current densities 
from 20 mA g
-1
 to 2000 mA g
-1
 at the same charge and discharge rate. The rate 
capability of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4/Li is displayed in Fig. 6.13a, 
which clearly reveals that with increased current density, all the samples show 
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gradual decreases of the discharge capacity, which is attributed to the 
increasing polarization of the electrodes at high current densities[230]. 
Moreover, at the end of the test five additional cycles at 20 mA g
-1
 prove that 
the initial high capacity of the first five cycles is retained after cycling at high 
current densities in all tests. However, because of the different initial 
discharge capacities of the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 electrodes, the rate 
capabilities of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 electrodes cannot be compared 
effectively in Fig. 6.13a.  Therefore, the rate performance that is differentiated 
by the discharge capacity retentions (vs. 0.1C, 1C = 200 mA g
-1
) are presented 
in Fig. 6.13b, in which the capacity retentions of xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 decreases with the increase of x value at every discharge rate. 
 
Fig. 6.13 (a) Rate capability of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 electrodes, 
where the cells were charged and discharged at the same current densities and 





Fig. 6.14 Nyquist plots and equivalent circuit of xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) 
Electrochemical impedance characterization has been performed to further 
understand the origins of the difference in the electrochemical performance of 
xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5). EISs of all 
the materials shown in Fig. 6.14 are investigated on the electrodes before 
charge/discharge. As can be seen, the shapes of the Nyquist plots are similar. 
They are composed of a small interrupt R’, a semicircle and a quasi-straight 
line. Among them, the small interrupt which corresponds to the solution 
impedance, is almost the same for all the electrodes. The semicircle is mainly 
assigned to the impedance of Li
+
 diffusion in the surface layer, which is 
related to the charge-transfer reaction, the so-called charge transfer reaction 
resistance (Rf), and the quasi-straight line represents the Warburg impedance 
represented by Zw, which is related to the solid-state diffusion of Li
+
 in the 
electrode materials.[273-274] It is obvious that the impedance (Rf) of 
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xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 increases with the increase of x value. It 
seems that the integration of Li2MnO3 would increase the impedance of the 
electrode. Such phenomenon can be ascribed to the poor conductivity of 
Li2MnO3 regions and contributions from domain interphases.[29, 273] The 
higher surface charge-transfer resistance of the xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 is the reason why the rate capability of xLi2MnO3 • (1-
x)LiMn1.5Ni0.5O4 become worse with more Li2MnO3 integrated. Among 
various compositions, when x ≤  0.3, Li2MnO3 has relatively little performance 
impact on the composites. Therefore, 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4 is still 
very promising. To further improve its rate capability is under consideration, 
such as by morphology modification according to previous reports.[267, 275-
276] 
6.3.9 Mixing LiMn2O3 and LiMn1.5Ni0.5O4 by grinding 
To further understand the effect of the integration of a Li2MnO3 phase with a 
LiMn1.5Ni0.5O4 phase at the nanodomain level, the products mixed with a 
certain mole ratio between Li2MnO3 and LiMn1.5Ni0.5O4 (0:1, 3:7, 5:5, 7:3 and 
1:0) by hand grinding are prepared for comparison. 
 
Fig. 6.15 (a) First cycle charge-discharge profiles and (b) cycle performance 
of the products mixed with a certain proportion of Li2MnO3 and 
LiMn1.5Ni0.5O4 (0:1, 3:7, 5:5, 7:3 and 1:0) by hand grinding 
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Fig. 6.15a shows the first cycle charge-discharge profiles of the products 
mixed with a certain proportion of Li2MnO3 and LiMn1.5Ni0.5O4 (0:1, 3:7, 5:5, 
7:3 and 1:0) by hand grinding. The samples Li2MnO3/LiMn1.5Ni0.5O4 with 
intermediate value (3:7, 5:5 and 7:3) show both the spinel- and layered- like 
feature as in the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 compounds. And the 
capacity decreases as the amount of Li2MnO3 increases since only a small 
percentage of Li2MnO3 will be activated at first cycle due to its poor rate 
capability. Most notably, the discharge capacity of the sample here is lower 
than the xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 compounds. For example, the first 
cycle discharge capacity of 0.3Li2MnO3 · 0.7LiMn1.5Ni0.5O4 is 162 mAh g
-1
 as 
shown in Fig. 6.4a, whereas the first cycle discharge capacity of the 3:7 
sample here is only 129 mAh g
-1
. Fig. 6.15b shows the cycle performance of 
the products simply mixed by a certain proportion of Li2MnO3 and 
LiMn1.5Ni0.5O4 (0:1, 3:7, 5:5, 7:3 and 1:0) by hand grinding. As can be seen, 
except the decrease of discharge capacity, the samples mixed by hand grinding 
exhibit poor capacity retention than the solid-solution phase xLi2MnO3 · (1-
x)LiMn1.5Ni0.5O4. Thus it can be seen that simply mixing the two pure 
compounds Li2MnO3 and LiMn1.5Ni0.5O4 together by hand grinding could not 
get the products with good electrochemical properties, which further proves 
the significance of nanodomain engineering. 
6.3.10 Li2TiO3 integration into LiMn1.5Ni0.5O4 
As the Li2MnO3 phase has successfully contributed to the stabilization of the 
spinel LiMn1.5Ni0.5O4 electrode, this approach is further adopted to stabilize 
the spinel LiMn1.5Ni0.5O4 electrode by incorporating a small amount of 
Li2TiO3 in the xLi2M’O3 • (1-x)LiMn1.5Ni0.5O4 structure with x = 0.05 and 0.1. 
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Since Li2TiO3 (C/2c)[277] is isostructural with Li2MnO3 (C/2m), it is probable 
to integrate the Li2TiO3 component with the LiMn1.5Ni0.5O4 component at both 
microstructural level. Furthermore, Li2TiO3 has many advantages. Firstly, 
because Li2TiO3 is inactive between 2 and 5 V, no unwanted reaction, like 
‘layered to spinel reaction’ in layered LiMnO2 materials (voltage decay) will 
be induced during charge/discharge and may be more ideal for the 
stabilization of LiMn1.5Ni0.5O4. Secondly, since Li2TiO3 has strong Ti-O bond 
relative to Mn-O and Ni-O, it can stabilize LiMn1.5Ni0.5O4 electrode from 
oxygen loss. Thirdly, using Ti instead of Mn can relieve the surface 
dissolution and improve electrochemical performance of final products. 
Therefore, a series of Li2TiO3 incorporated LiMn1.5Ni0.5O4 compounds are 
synthesized and structural and electrochemical characteristics of these samples 
are investigated by XRD and electrochemical charge-discharge measurements 
to study the effects of Li2TiO3 amount on the as-prepared composite. Since 
Li2TiO3 is inactive and will not contribute the capacity of final products, a 
small amount of Li2TiO3 has been designed (x = 0.05 and 0.1) in the xLi2TiO3 
• (1-x)LiMn1.5Ni0.5O4 system. 
 
Fig. 6.16 XRD spectra of xLi2TiO3·(1-x)LiNi1.5Mn0.5O4 (x = 0, 0.05 and 0.1): 
(a) full scan spectra and (b) enlarged spectra from 63 to 69° 
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Fig. 6.16 shows the XRD spectra of the three xLi2TiO3 · (1-x)LiMn1.5Ni0.5O4 
samples (x = 0, 0.05 and 0.1) prepared in the same manner as xLi2MnO3 · (1-
x)LiMn1.5Ni0.5O4. Like Li2MnO3, the weak reflections at approximately 20-23° 
2𝜃 indicate that a monoclinic Li2TiO3-type (or Li2MnO3-type) structure co-
exists with the LiMn1.5Ni0.5O4 structure. In addition, the intensity of these 
weak peaks increases with the 𝑥 value as we expected. But at the same time, it 
is also found that the peaks of the x = 0.1 sample corresponding to the 
LiMn1.5Ni0.5O4 phase all shift to the lower angles, which is more obvious at 
high angle as can be seen in Fig. 6.16b. That means the unit cell parameter of 
the x = 0.1 sample is larger than the pure spinel oxide. According to previous 
report[278], the increase of the cell parameter can be interpreted by 
substitution of the smaller Mn
4+
 ions (67pm) with Ti
4+
 (74.5pm). Based on the 
above, part of Ti is likely to be doped into the LiMn1.5Ni0.5O4 structure, which 
may make the structure more complex than we expected. In contrast, the x = 
0.05 sample exactly crystallizes in the cubic spinel structure Fd-3m without 
any ‘peak shift’ as shown in Fig. 6.16b. 
Fig. 6.17a shows the first cycle charge-discharge curves of three composites 
xLi2TiO3 · (1-x)LiMn1.5Ni0.5O4 (x=0, 0.05, 0.1) at current density of 20mA g
-1
 
between 4.8 and 2.0 V. All the composites are denoted as nominal 
compositions according to original design. Generally, the discharge capacity 
decreases as the value of x increases. One of possible reasons is that the 
increase in the amount of Ti would not contribute to capacity while only 
increases weight of the composites. Moreover, the x = 0.05 sample exhibits 
similar electrochemical behaviour as pure spinel oxide, whereas the x = 0.1 
sample behaves quite different. The appearance of a slope in the profile of the 
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x = 0.1 sample at the potential window between 3.9 and 2.8 V reveals that 
active layered component such as Li2MnO3 coexists in the structure. 
 
Fig. 6.17 (a) First cycle discharge curves of three composites xLi2TiO3 · (1-
x)LiMn1.5Ni0.5O4 (x = 0, 0.05, 0.1) (b) cycle performance of the xLi2TiO3 · (1-
x)LiMn1.5Ni0.5O4 and discharge profiles with x = 0.05 (c) and x = 0.1 (d) of the 
1st, 2nd, 3th, 4th, 5th, 6th, 7th, 8th, 9th, 10th and 15th cycles when cycled 
between 4.8V and 2V at 20 mA g
-1
 
Fig. 6.17b illustrates the discharge capacity versus cycle number plots for the 
first 30 cycles of the three lithium cells (x = 0, 0.05 and 0.1) when cycled 
between 4.8 and 2 V. The data clearly indicate that the electrochemically 
inactive Li2TiO3 component contributes to the stabilization of LiMn1.5Ni0.5O4 
more effectively. It is noteworthy that both 0.05Li2TiO3 • 0.095LiMn1.5Ni0.5O4 
and 0.1Li2TiO3 • 0.9LiMn1.5Ni0.5O4 electrodes require several conditioning 
cycles before stable electrochemical performance is achieved. However, they 
behave completely different. On the first few cycles, there is a drop in 
discharge capacity for the x = 0.05 sample while the capacity of the x = 0.1 
sample increases steadily. The capacity loss in the x=0.05 sample is speculated 
113 
 
to result from the reduction of the electrode surface by oxygen loss[279]. 
Whereas, the increase of discharge capacity for x = 0.1 sample may be 
attributed to the generation of layered phase as discussed in XRD results. 
To further study the specific electrochemical performances of xLi2TiO3 • (1-
x)LiMn1.5Ni0.5O4 (x  = 0.05 and 0.1) electrodes at whole potential window 
between 4.8 and 2 V, the discharge profiles of the x = 0.05 and x = 0.1 sample 
on various cycles are illustrated, respectively, in Fig. 6.17c and Fig. 6.17d. For 
x = 0.05, obviously, the electrode exhibits almost the same capacity 
distribution at the whole potential window after 5 cycles meaning that except 
the superior discharge capacity retention as shown in Fig. 6.17b, there nearly 
is no ‘voltage decay’ in the x = 0.05 sample. As a result, it exhibits excellent 
energy density retention. In contrast, voltage drop is clear in the x = 0.1 
sample as that in xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 system, which is consistent 
with the results discussed above. 
6.4 Conclusions    
A series of xLi2MnO3 • (1-x)LiMn1.5Ni0.5O4 layer/spinel composites have been 
synthesized by co-precipitation method. It is proven that the layered Li2MnO3 
nanodomains can greatly improve the structural stability of the spinel structure 
when cycled between 2 and 4.8 V, leading to much increased reversible 
capacity, which is impossible for bare LiMn1.5Ni0.5O4 when discharged before 
2.8 V. The electrochemical performance demonstrates that better cyclability 
can be achieved as more Li2MnO3 component is integrated into the spinel. 
Among various compositions, 0.3Li2MnO3 • 0.7LiMn1.5Ni0.5O4, particularly, 
shows the excellent cyclability as well as a large reversible capacity. Ex-situ 
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XRD results confirm that the cubic spinel phase in the composite with 
intermediate composition is very stable during cycling, which could be main 
reason for the superior cycle stability. Therefore, 0.3Li2MnO3 • 
0.7LiMn1.5Ni0.5O4 is very promising as high capacity cathode for application 
in high energy density lithium-ion batteries. In comparison, a small amount of 
layered Li2TiO3 compounds can be structurally integrated into the structure of 
LiMn1.5Ni0.5O4 to yield composite electrode materials xLi2TiO3 • (1-
x)LiMn1.5Ni0.5O4, especially x = 0.05. The XRD data provide evidence that, 
when x = 0.1, part of Ti
4+
 ions has been doped into the LiMn1.5Ni0.5O4 
structure. Both electrodes exhibit the improvement of cycle stability compared 
with pure spinel oxides, and there nearly no voltage decay occurs in 
0.05Li2TiO3 • 0.95LiMn1.5Ni0.5O4. Thus, 0.05Li2TiO3 • 0.95LiMn1.5Ni0.5O4 




Chapter 7. Conclusions and recommendations 
The objective of this research is to synthesize high power and high energy 
LiMn2O4-based spinel cathode materials for advanced lithium ion batteries. In 
view of this, structural and morphological modification, surface coating, and 
nanodomain engineering were designed to improve the electrochemical 
performance of spinel materials. 
Firstly, micro-sized LiMn2O4 particles with porous structure and interior 
channels were prepared through a facile precipitation method. The prepared 
LiMn2O4 showed a very high specific discharge capacity and a remarkable 
rate capability. It also exhibited good cycling performance and excellent 
structural stability at high-rate current. The results suggest that the large pores 
not only increase electrode/electrolyte contact area, leading to facile Li
+
 
transportation, but also buffer the strain from Jahn-Teller distortion, resulting 
in good cyclic performance. Therefore, the study points out the significance of 
large pores for micro-sized materials to obtain excellent rate capability. 
Secondly, in-situ surface coating with Mn2O3 phase was introduced and the 
synergistic effect of pores and surface coating on the electrochemical 
performance of LiMn2O4 were further identified. In addition to a high specific 
discharge capacity and a remarkable rate performance, the prepared LiMn2O4 
with appropriate Mn2O3 coating showed superior cycling performance with 
capacity retention of about 80% of the reversible capacity after 500 cycles at 
10 C, which is much better than many other cathode materials reported. These 
results are of considerable importance since they provide evidence that surface 
Mn dissolution is another crucial impact factor for the poor cycle stability of 
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spinel materials. Moreover, the facile coating process may provide guidelines 
for spinel production in industrial application in the near future. 
Thirdly, except studying the electrochemical performance above 3 V, it was 
found that the capacity of spinel cathodes can be extended when discharged to 
the voltage below 3 V. Thus, a series of Cr-doped spinel LiMn1.5-xCr2xNi0.5-xO4 
were designed to be synthesized via a polymer assisted mechanical activation 
method and examined in a wider potential window of 2-4.8 V. Since Cr has a 
higher bonding strength with O and no Jahn-Teller effect, the capacity 
retention of spinel oxides after Cr doping was significantly improved 
compared to pristine LiMn1.5Ni0.5O4. This result suggests that Cr doping can 
efficiently enhance the structural stability of spinel oxides with extended 
capacity.     
Finally, a kind of high energy spinel cathodes stabilized by layered materials - 
xLi2MO3 • (1-x)LiMn1.5Ni0.5O4 (M = Mn, Ti) were investigated in the wider 
voltage of 2-4.8 V. In this case, layered Li2MnO3 and Li2TiO3 nanodomains 
were designed to be embedded into the spinel matrix instead of element 
adducts. It was found that the layered Li2MO3 structural unit substitution could 
greatly improve the structural stability of spinel structure when cycled 
between 2 and 4.8 V, leading to much increased reversible capacity. Such 
improvement can be attributed to the introduction of nanodomains into the 
spinel matrix. This is the first time a study utilizes Li2MO3 nanodomain 
engineering to stabilize the spinel structure, making it possible to well cycle in 
a wider potential window with larger capacity.  
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Due to spark of the above studies, further study is needed for piloting the 
materials for practical applications. Firstly, self-template synthesis method that 
was used in the present investigation provided excellent electrochemical 
performance of the materials. Possible scale up processing using the 
same/similar methodology should be studied. Secondly, in-situ coating in the 
laboratory scale demonstrated enhanced durability of the cathode since it 
served as the surface barrier due to their structural stability. Future research 
should attempt to investigate the contribution of these phases as coating layer 
on the spinel materials and study the difference between different coating 
phases. Finally, use of layered Li2MO3 structural units gave an evidence on 
stabilization of the structure of spinel cathode. It will be interesting to employ 
other structural units that is stable in domain structure and can also act as a 
conductive additive. Overall, a series of high energy and high power spinel-
based cathode have been successfully synthesized in this research for the first 
time. The mechanism behind has been clearly studied, which could be used as 
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